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SYNOPSIS 


A Iliesis Entitled " Swinging Wake Mechanism for Interface- 
Wave Generation and Permissible Range of Parameters for 
Explosive Welding submitted in Partial Fulfilment of the 
Requirements For the Degree of Doctor of Philosophy by 
R.G. Gupta to the Department of Mechanical Engineeringy 
Indian Institute of Technology, Kanpur, July, 1981 under 
the Supervision of Professor G.S. Kainth. 

Explosive welding is classified into two broad 
categories viz. (i) symmetric welding and (ii) asymmetric 
welding on the basis whether explosive is laid on both the 
plates or on only one plate. This classification seems to 
be inadequate to explain certain features of explosive 
welding such as distortion of interface wave. In order to 
study the mechanism of explosive welding for general situa- 
tion, various types of asymmetries arising from differences 
in plate material and explosive charge are classified. 

A hydrodynamic model of explosive welding for general 
arrangement is analysed. It is considered that there are 
two stagnation streamlines which separate the main jet into 
corresponding salient jet and re-entrant jet. The model 
considers an obstacle bounded by the stagnation streamlines 
and that the wake behind the obstacle swings from side to 
side producing a wavy interface. Flow of two dissimilar 
fluids meeting at an angle over an obstacle is analysed 
and expression for the lift force acting on the wake is 
obtainai. , 



sxiv 


Many theories have been proposed so far to explain 
the wave formation, however, these theories do not explain 
some of the observed phenomena such as distortion satis- 
factorily, A 'Swinging Wake Mechanism' for interface wave 
generation in explosive welding is proposed. Expressions 
for amplitude to wavelength ratio and degree of distortion 
are developed. The model explains the generation of inter- 
face wave in explosive welding and distortion of the wavy 
weld interface for the case of dissimilar metal combination. 
The theory predicts that (i) degree of distortion increases- 
with increase in the difference in densities of the two 
materials and (ii) amplitude to wavelength ratio of interface 
wave for dissimilar metal combination is lower than that for 
similar metal combination. Theoretical predictions are in 
reasonable agreement with the experimental results of Qnzawa 
and Ishii and other workers. 

, E oil Owing the complex velocity analysis, expression 
for diameter of obstacle for general arrangement of explo- 
sive welding is developed. The expression reduces to the 
equation given by Reid and Sherif for obstacle-diameter for 
ideally symmetric situation, from the analysis it is conclu- 
ded that smaller waves would be produced in asymmetric situa- 
tion as compared to waves in symmetric welding. Also, waves 
would be analler for dissimilar metal combination as com- 
pared to waves in similar metal combination. , 





The limited extent of fluidized zone in explosive 
welding within which fluidlike behaviour can be considered 
has not been sufficiently emphasised in literature. 
Furthermore, the energy loss during collision in explosive 
welding is generally ignored. A model based on the limited 
extent of fluid zone and energy-loss is analysed for asym- 
metric welding. An expression is developed for the mass of 
the re-entrant jet which shows a reasonable agreement with 
Meyer's experimental results. 

Earlier research work shows that nature of experi- 
mental variation of wave-amplitude with obliquity angle in 
asymmetric welding situation is such tha.t wavy interface is 
formed above a certain angle and below and angle 
Furthermore, there is a maxima in wave amplitude correspond- 
ing to an obliquity angle Pq. A straight bond is formed 
when obliquity angle is increased from to p^ and no 
welding takes place above P-n,. These angles depend upon the 
material proper-ties of the flyer plate and its velocity Vp. 
In the present analysis it is shown that all the obliquity 
angles (Pj^s Pq» a^d p^) depend upon Euler’s nxamber 
(specific pressure) defined by p^ = p (vf ^p) "where p is 
the theoretical strength of the flyer plate material and 
f' is its density. Expression for these limiting angles 
have been developed. The importance of Euler's number in 
explosive welding is emphasised. Based on this model, a 



x'xvi 

Selection procedure for explosive welding parameters is 
suggested. A weldability window for explosive welding 
is studied. 

Explosive welding experiments on plate-cladding, 
variable angle experiments and tube to tube-plate welding 
are carried out to demonstrate the applicability of the 
suggested selection procedure for explosive welding para- 
meters. 



CENTER I 


INTRODUCTION MD REVIEW OP LITERATURE 

1.1 INTRODUCTION 

Explosive welding is done Uy progressive Di^ velo- 
city oblique impact between two metal plates by detonating an 
explosive charge which is laid on the top of a flyer plate. 
Explosive welding has come to play an important role in many 
industries [l] such as chemical, atomic energy, aircraft, 
space, cryogenic, and power generating industries. Explosive 
bonding process is extensively used for flat plate cladding 
of dissimilar metals required for fabricating chemical equip- 
ment used in corrosive service conditions. Explosive welding 
is applied to large plate cladding [2-6], welding of tubes to 
tube-plates of heat exchangers [7--18], tube plugging [17-27], 
welding of pipes [28-35], production of duplex [36-39] and 
triplex tubing [40], and fibre reinforced materials [41-44]. 
Other applications include ; butt welding and lap welding [45], 
production of mono and bimetalic array of rods [ 46 ], manu- 
facture of multilayered foil cylinders [47-48], fabrication 
of honey-combed structure [49] and rib reinforced panels [7] 
and production of clad electrode materials [50]. Commerciali- 
zation of explosive welding process is in progress [51-52]. 
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1.2 DEVELOPMENT OB' EXPLOSIVE WELDING 

During the second world war it was observed that 
metallic fragments of bombs occasionaly stuck to metallic 
objects in the vicinity of targets. Also, it was known for 
a long time that bullets fired at metal target sometimes stuck in 
the target. Carl in 1944 [53] observed wavy interface between 
two half hard brass shims welded by using a charge of hi^ 
detonation velocity. Lavrentiev, as reported by Deribas [54], 
recognised explosive welding in 1946. Credit for recognising 
explosive welding is usually given to Philipchuk [55] who in 
1957 observed that metal blank sometimes got welded to metal 
die in explosive forming and filed a patent application [56]. 

It appears that during the same period Pearson [57-58] was 
also engaged in confidential work on explosive welding. 

Birkhoff [59] in 1948, while studying the mechanism 
of hollow explosives with lined cavities, suggested the forma- 
tion of jet (re-entrant jet) and slug (salient jet) using a 
wedge shaped liner. Walsh, Shreffler and Willing [60] in 
1953 studied the limiting conditions for jet fomation in high 
velocity collision. Allen et al. [6l] in 1954 noted that the 
explosive welding occurs due to the oblique impact of a cylin- 
der on a thin target and observed the interface waves produced 
by surface jetting. 



other early research workers in the field were 


Davenport and Duvall [62], Davenport [63], Cowan and Holt z- 
man [64-65], Tardif [66], Holtzman and Ruderhausen [6], 

Boes [67], Wills and Murdie [28], Polaclyko and Williams [68], 
Baran and Costello [69]? Reinheart and Pearson [70], Bahrani 
and Crossland [71] and Addison et al. [72]. 

Following the work of Allen et al. [61] much work 
has Been done in the field of explosive welding in U.S.A. , 

U.E. , West Germany, East Germany, Russia, Japan, Sweden, 
Brazil, Poland and Czechoslovakia. Explosive welding is now 
recognised as a practical process and finds specific commer- 
cial applications. Some of the review articles on explosive 
welding appear in references [73-80]. 

1.3 MECHMISM OE EXPLOSIVE WELDING 

Explosive welding is broadly classified into two 
categories viz. (a) symmetric welding and (b) asymmetric 
welding, on the basis whether explosive is laid on both the 
plates or on one plate only. Inclined arrangement is one in 
which plates are kept at some inclination whereas in parallel 
arrangement the two plates are kept parallel at some distance 
(stand-off) apart. 

Schematic diagram of inclined arrangement of asym- 
metric explosive welding is shown in Eig. 1.1-a. The flyer 
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plate is kept inclined at an angle a to the parent plate. 
Explosive is laid on the flyer plate while buffer plate is 
kept in between to avoid damage to the flyer plate. Explo- 
sive is ignited from one end with a detonator. Figure 1.1-b 
describes the conf ig-uration of the flyer plate during the 
process of welding [73-80]. Various assxmaptions have been 
made regarding the direction of velocity of the flyer plate. 
Birkhoff [59] considered that the direction of flyer plate 
velocity bisects the angle SBC. Many workers consider that 
the direction of the velocity is approximately normal to the 
moving flyer plate. However, all the assumptions lead to 
similar conclusions. The following simple relationships are 
usually used (Figs. 1.1 and 1.2). 




= Yp/sin P 

( 1 . 1 . a) 



= Yp/tan p 

( 1 . 1 . b) 



= tan -^ ( . 7 ^ ) 

( 1 . 1 . c) 

and 


= (X + ^ 

(l.l.d) 


where, a, 0 and p are the set-up angle, the (dynamic) bend 

angle and the (dynamic) obliquity angle respectively, 
Yp, V^F and Y^ are detonation velocity of explosive, 
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flyer plate velocity ^ stream velocity and collision velocity 
respectively. 

Thus for parallel arrangement (a = 0), 

Various formulae for plate velocity have been sugges 
ted [81-83], the equation . given by Gurney et al. [81] is 
as follows 


V = 0»612 e/m 

1 2 + e/m D 


( 1 . 2 ) 


where, e/m is the explosive loading (ratio of explosive mass 
to accelerated mass). 

Equation (1,2) is the simplest one among all 
the formulae for plate velocity in explosive welding. Hay 
[86] mentioned that the plate velocity given by all the for- 
mulae converge for values of explosive loading usually used 
for explosive welding, 

Eigure 1, 2-a shows the collision of the flyer plate, 
moving at an impact velocity Vp , with the parent plate. 
Figure 1, 2-b represents kinematically equivalent system such 
that the stagnation point S is considered at rest, Birkhoff 
[59] assumed that strength of the metal can be neglected as 
compared to the hi^ pressure encountered in collision and 
considered classical hydrodynamics of perfect fluid. Hence, 
the flyer plate is considered to impinge on the parent plate 
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as main fluid, jet which divides into (i) salient jet and 
(ii) re-entrant jet as shown in Fig, 1.2-c. Robinson [87] 
showed that strain rate in explosive welding is usually 
higher than the critical strain rate (10 /sec) above which 
the material behaves like an inviscid fluid. 

By considering conservation of mass and momentum, 
mass of the re-entrant jet - m^ and that of the salient 
jet - m are given by 

O 

m^ = m(l - cos p)/2 (1.3. a) 

m = m(l + cos p)/2 (1.3.1) 

(the importance of re-entrant jet for explosive weld- 
ing is well emphasised in literature [77, 78, 80, 88]. The 
re-entrant jet in fact contains not only the contaminated 
layer of flyer plate but also the surface layer of the parent 
plate. The virgin plate-surfaces come in contact under high 
pressure resulting in welding. Bergmann et al. [89] and 
others [90-91] have shown experimentally that re-entrant jet 
is actually formed in explosive welding and there is a loss 
of weight of plates after collision [91]. Hi^ speed photo- 
graphy by Bergmann et al, [89] and Onzawa and Ishii [90] 
confirmed the existence of the re-oatrant jet. Condition for 
jetting seems to correspond to the condition for welding [88], 
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Walsh, Shreffler and Willing [60] showed iha-t below 
a certain critical angle jetless config'ur ati on exists and re- 
entrant jet is absent, limiting condition for jetting has 
a-lso been reported by Allen et al. [92], Cowan and Holtzman 
[64]. 

Pearson [58] thought explosive welding occured as a 
result of large amount of plastic interaction between the 
surfaces to be welded. Davenport [65] thought that explosive 
welding is a form of cold pressure welding. Holtzman and 
Rudershausen [7] were of the opinion that the metallic jet 
produced by impact subsequently melts to form the bond. Boes 
[67] considered that the explosive welding is basically a 
form of friction welding. Wot withstanding some early confu- 
sion regarding the mechanism of explosive welding, most of 
the investigators now agree that surface jetting is essential 
for the formation of a good bond. 

1.4 WELDED IWTEEEACE 

Depending upon welding parameters, nature of the 
welded interface [60] may be 

(i) straigjit (direct) bond 

(ii) wavy interface, and 

(iii) uniform layer of solidified melt. 
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Davenport [ 63 ] pointed out the following advantages 
of a wavy interface i (i) the waves increase the area of 
contacting surfaces several folds and thus expose a gxeat deal 
of fresh surface on the plates which readily bond under pressure, 
(ii) waves provide very higji strains in the thin surface layers 
which greatly increase the mobility of the atoms and disloca- 
tions in these layers, and (iii) the waves provide a mechanical 
interlocking. Hay [86] concluded on the basis of the results 
of Bao,'ce [93] that the maximum shear strength coincides with 
the wavy interface. In direct bond regime there are often 
areas of non bonding, while in the extremely turbulent regime 
beyond the condition of wave formation, the shear strength 
decreases rapidly due to the formation of continuous melt 
zones [60], Contrary to common belief, sometimes a straight 
interface may have equally high strength as that exhibited 
by a wavy interface [80], Bahrani and Crossland [94] stated 
that 'waves act as interlocking serrations* in shear tests 
but they further stated that 'the welds with smaller inter- 
facial waves gave better results in tension tests and also 
in bend tests, whereas it was noted that large waves produced 
stress concentration and sometimes caused cracks', 

1.5 THEORIES OB’ IHTEREACE WAVE GENERATION 

It is intriguing that under such a violent condi- 
tion of explosion, regular periodic waves are formed in 
explosive welding. The appearance of such periodic waves 
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are also found on eroded blades of steam turbines, pumps and 
other solids impacted by high velocity liquid jets and drops[95]- 

Many theories for interface wave formation have been 
proposed so far. Most of the theories fall within one of the 
following categories, 

1.5.1 Indentation Model 

According to Abrahamson’ s mechanism [96] the parent 
plate is plastically indented at the collision point and a hump 
is driven forward. The hump grows until at a certain instant 
the main jet climbs over the hump leaving it behind and the 
process continues. Bahrani et al. [97] proposed a mechanism 
similar to that of Abrahamson and gave a detailed explanation 
of wave formation and appearance of vortices attached to crest 
and trough of the waves (Fig. 1.5)* They considered that the 
flyer plate jet indents the parent plate, and it is deflected 
upvmrd modifying the shape of the hump. The stagnation point 
transfers to the top of the hump and starts forming a new hump 
while descending thereby producing successive waves. The 
mechanism of Bahrani et al. [97] finds support from metalo- 
graphic examination of welds. The mechanism thus explains 
the formation of vortices attached to crest and trou^ of the 
waves and further suggests that at a greater angle of inci- 
dence the interface is straight as the main jet pushes the 
shallow hump ahead of it . 
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Watanalle et al. [98] attributed the periodicity 
to the influence of the period of instability of re-entrant 
jet. Babul and Wlodarczylk [99] introduced the concept of 
'bulk sound speed' based upon the bulk modulus of the mate- 
rial and opined that periodicity in the indentation results 
from a periodic oscillation of stagnation point velocity 
about the local sound speed. 

1.5.2 Stress Wave Mechanism 

Grodunov et al. [100] attributed the interface wave 
formation to the effect of rarefaction waves produced when 
the compressive shock emanating from the stagnation point 
are reflected from the free surface of the flyer plate. 
Deribas et al. [101-104] studied the effect of initial para- 
meters on wave formation, from the work of G-odunov et al. 
[lOO], Deribas [105] conclude that the waves in explosive 
welds are caused by self-excited vibrations produced by a 
rigid indent or, 

1.5.3 Hydrodynamic Instability Model 

Hunt [106] suggested that principal features of 
wavy weld interface are consistent with a mechanism which 
arises as a result of Helmholtz instability between the re- 
entrant jet and parent plate-jet. Cowan and Holt 2 maa [64] 
and Cowan et al. [107] showed that interface wave formation 
in explosive welding is analogous to (i) the formation of 
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vortex street in fluid flow around an obstacle and (ii) the 
collision of liquid streams. They explained the transition 
from a straight bond to a wavy bond on the basis of Reynolds 
number which they [107] defined as 


R 


e 




where fj and are the densities of the flyer plate and 

parent plate material and and Ep are the corresponding 
diamond pyramid hardnesses. 

Klein [108] noticed that the general appearance of 
the welded interface is similar to the von Karman vortex 
street (fig. 1.4). Klein's experimental investigation showed 
that average value of amplitude to wavelength ratio (h/x ) 
of welded interface is approximately 0.3 which is close to 
the value of stable spacing ratio of 0.281 in Karman vortex 
street. Keller [109] experimentally found three critical 
velocities in the case of explosive welding corresponding 
to laminar flow, the formation of periodic current and tur- 
bulent flow. 

Kowalickand Hay [llO-lll] applied vortex shedding 
theory to wave formation (fig. 1.5) explosive welding. 

They .considered the collision of two plates as a fluid flow 
problem with the re-entrant jet corresponding to an obstacle 
(barrier) in the flow. The flow regime behind an obstacle is 
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is governed by Reynolds number (Re) given by 


Re 


V 


(1.4) 


where p is Rinonatic viscosity of the metal jet, is the 
stream velocity and 1 is the barrier height. Transition from 
laminar flow to a flow containing vortex street occurs when 
the Reynolds number is in the range 2 R. Re 1. 3.2. However, 
the wave formation was observed upto Re ^ 10 [llO] . Some 
notable work on vortex shedding and oscillations in fluid flow 
is found in ref erences [11 2-114] « 

Robinson [87] suggested that the interface wave for- 
mation is due to the fact that velocity profile behind the 
stagnation point may have one or two inflection points. Such 
a velocity distribution causes shear flow region which exhi- 
bits Helmholtz instability leading to the wavy interface 
provided the effect of viscosity does not damp out the insta- 
bility. 


Reid [88] considered Birkhoff's wake oscillator 
model [115-116] as a possible mechanism for interface wave 
generation and explained fingured tip appearance of lead- 
steel weld interface. G-upta and Eainth [117] and Botros 
and Groves [118] extended the wake oscillator model with 
certain modifications. 
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Onzawa and Isliii [119], Reid [88] and Reid and 
Slierif [120] have nsed vortex shedding model to predict wave- 
length of interface wave. While comparing the theory of Reid 
and Sherif [120] with Robinson' s theory [87], Reid [I2l] con- 
cluded that essentially the bases of the two approaches are 
similar as the width of the disturbance to the flow [87] is 
of the order of the diameter of obstacle in the flow [120], 

Sobfcy and Blazynski [122-123] considered the flow 
analogy of explosive welding and showed that similar waves 
as that observed in explosive welding are produced if one 
fluid stream collides with another fluid. 

1,5.4 Contradicting Hature of the Theories of Interface 
Wave Generation 

The indentation theory appears to be reasonable for 
asymmetric welding situation. Hunt’s mechanism [106] depends 
upon a particular asymmetry in the welding arrang ament and 
presumably implies that waves will not be produced [88] in 
symmetric arrangement. Waves in symmetric arrangan.ent have 
also been observed and as mentioned by Reid [88] ’this would 
lead one to suspect that Hunt's mechanism is incorrect ' . 

Reid [88] further opines that the mechanism of Godunov et al, 
[lOO] would appear to cast doubt on the production of waves 
in symmetric case, since ideally the symmetry implies equal 
pressure distribution on either side of the interface. 
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Tlae mechanism of Bahrani et al. [97] suggested that 
the wave formation is ahead of the stagnation point, whereas, 
the mechanism of Godunov et al. [lOO] and vortex shedding 
mechanism [llO] imply that the wave formation is behind the 
stagnation point. 

Deribas [105] criticised the vortex shedding theory 
on the basis that waves without vortices are also observed 
in explosive welding, whereas Crossland [80] mentioned that 
'in fact such waves can also be observed in fluids'. 

Sobky and Blazynski [123] conclude that 'there 
exists more than one mechanism, operating under different 
conditions and governed by the initial parameters of the 
welding process' . 

1.6 IhTEKPACE WAVE CHARACTERISTICS 

1.6.1 Anplitude and Wavelength of Interface Wave 

Experimental investigation of Klein [108] and 
Kowalickand Hay [110] show that average value of amplitude 
to wavelength ratio c = h/>^ is about 0.3 which is close 
to the value of stable spacing ratio of 0.281 for Karman 
vortex street. The large scatter found in h/>, ratio is 
attributed to unknown geometry of obstacle and fluctuation 
of flow due to hump deformation [110]. 
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Reid and Jolinson [124] "used indentation analysis 
and predicted tlie wave amplitude using Hunt's formula. How- 
ever , while considering the analogy between welded interface 
and Harman vortex street, the amplitude of interface wave is 
usually taken equal to the wake hei^t h in the fluid flow 
over an obstacle of diameter d and that h = 1. 25 d. The 
wavelength of the interface is thus written as Tv. = 1.25 d/c. 
While discussing the various theories of wave formation in 
explosive welding, Reid [88] stated that 'the vortex shedding 
mechanism is therefore as good as any of the other theories 
proposed to date', on the basis that the theories of Hunt[l06], 

G-odunov et al. [lOO], Onzawa and Ishii [119] predict the rela- 

" 2 

tionship for asymmetric situation as > t p , where t is 
the thickness of plate and p is the obliquity angle. Later 
on Reid and Sherif [120] developed the relation for symmetric 
situation as >..-*< t p. 

Experimental work of Bahrani and Cross land [94] showed 
that wave formation occurs only within a certain range of 
obliquity angles. 

Reid and Langdale [125-126] studied the modulation 
of waves and opined that scatter in the amplitude and wave- 
length is not necessarily random. 
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1.6.2 Distortion of Interface Waves 

The interface wave profile generally approximates 
to a sine wave for the case of welding of similar metals, 
however, the wave profile deviates from sine wave for the 
case of dissimilar metals. Asymmetry in wave shape has "been 
noted by Hnnt [106], Godimov et al. [100], Reid [88], Gupta 
and Kainth [117], Botros and Groves [118] and Onzawa and 
Ishii [90]. Godunov et al. [lOO] mentioned that the asym- 
metry in wave shape is due to the difference in cuirvature 
of the two portions of the wave. Reid [88], Gupta and 
Kainth [117] and Botros and Groves [118] used Birkhoff’s 
wake oscillator model for two different fluids and they find 
that asymmetry in x-rave shape is due to the difference in den- 
sity of metal plates. Onzawa and Ishii [90] found experi- 
mentally that wave distortion depends on density r-^tio. 

1.6.3 Size of Obstacle 

Although the ratio c = h/>. is independent of 

obstacle size, but the amplitude h and wavelength X depend 
upon the size of obstacle. Also for .estimating the Reynolds 
number for hydrodynamic model of explosive welding, the 
characteristic length of barrier is needed. Usually the 
barrier height is considered proportional to the thickness 
of the re-entrant jet and the proportionality constant is 
estimated in the range of 1 to 5 [110]. Considering the 
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obstacle bounded by tbe stagnation streamlines for the case 
of collision of two jets, Reid and Sherif [120, 127] developed 
the following equation for diameter of obstacle in an ideally 
symmetric situation. 

d = 0.88 t p (1.5) 

1.7 FLUID BEHAVIOUR OF 14EIA1S 

Rosenfield and Hahn [128] have defined four regions 
of metal behaviour depending on the range of strain rate 
(10 sec ^ < Y <- lO"*"^ sec”^) and temperature (77 K ^ 

'I <• 293 H) . In the region IV, with strain rate in the 

-4 -5 -1 

range 10 to 10 sec , the metal behaves as a viscous 
fluid. Robinson [129] considered an additional region V of 
inviscid fluid behaviour for strain rates greater than a 
critical strain rate y defined by 

T = p Y (1*6). 

where t is the theoretical yield shear strength and p is the 

viscosity of fluidized metal. Robinson estimated the criti- 

7 

cal strain rate as 10 /sec using inviscid calculations. 

Considering a local melting and viscous energy dissipation, 

2 2 

he estimated the viscosity of copper as 10 -2.2 x 10 

N s m“^. 
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Himt [l06] showed that the hi^ pressure zone is of 
finite extent. The limited extent of the region within which 
fluid like behaviour occurs in explosive welding is not 
usually emphasised. 

A knowledge of the viscosity of the fluidized jet 
is essential for estimating Reynolds number which governs the 
wave formation in explosive welding. Robinson [87] mentioned 
that the viscosity of the fluid can damp out the shear layer 
instability in explosive welding. Some information is avai- 
lable on the influence of the viscosity of the fluidized metal 
jet on jet formation process [13O]. 

1.8 EXPLOSIVE WELDIEG PARAI4BTERS MB bRlLDABIIIII WINDOW 

Various research workers [131-153] have studied the 
parameters for explosive welding. Previous studies show that 
import'ant welding parameters are 

1. Explosive loading, e/m 

2. Plate velocity, Vp 

3. Obliquity angle, p 

4. Collision velocity, V^ = V^/p 


5. Material properties of plate/s such as density 
and strength of metal. 
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On the basis of the past research work it can be 
concluded that the following conditions need to be satis- 
fied to obtain a successful weld. 


1. Collision velocity should preferably be less 

than sonic velocity Vg in the plate material, 
though some welds have been achieved upto a value 
VgAg = 1.25. 

2. As the formation of the re-entrant jet is essential 

for welding, impact angle p should exceed a limi- 
ting value below which a jetless configuration 

exists. 


5. The stand, off distance in parallel arrangement should 
preferably exceed half the flyer plate thickness to 
allow the flyer plate to achieve its terminal velocity. 


4. Plate velocity Yp should exceed a certain value 

Vp to ensure the minimum value of contact pressure 

•^min 

for dynamic yielding. Minimum value of the plate 
velocity is given by [148], 


V 


'min 



(1.7) 


where / and Hy are density and Vicker’s hardness 
Humber of the material and Ep is a constant which 
varies between 0.6 to 1.2 depending upon suTfa-ce 
cleanllness[80] , 
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5. Plate velocity Vp should be below a certain value 

Vp to avoid melting and formation of intermeta- 

■^maz 

llic compounds, • Maximum value of plate velocity is 
given by [I48]. 


V, 


‘ max 




(K C 


( 1 . 8 ) 


where, is the melting point, the bulk sound 

speed, K the thermal conductivity, C the specific 
heat, Vq the collision point velocity, f the den- 
sity of the flyer plate, t the thickness of the 
flyer plate, and H is a constant. 

It is evident that explosive welding is possible 
only within a limited range of explosive welding parameters. 
The region of weldability is usually termed as weldability 
window or explosive welding window. 

Weldability windows have been plotted by various 
research workers in the following ways. 

1. Obliquity angle p versus collision velocity 

2. Obliquity angle p versus plate velocity Vp 

3. Collision energy Eq versus collision velocity 1 ^ 

4. Explosive loading e/m versus collision velocity 
plate velocity versus collision velocity 


5 
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1.9 MBlllLURG-Y OP EXPLOSIVE ¥BLDS 

M etalliirgical effects in explosive welding are less 
severe than in fusion welding processes as demonstrated hy 
Lucas et al. -[154]. However, in some cases, under incorrect 
welding conditions molten layer leads to formation of brittle 
intermetallic compounds. 

In explosive welding, shock waves and hi^ collision 
pressure cause severe plastic deformation resulting in hydro- 
dynamic flow. Williams et al. [155] have observed metastable 
phases in the welded region. Rapid cooling associated with 
intense metal flow at extremely high strain rates produces 
[156] hi^ dislocation density (10 /cm ) and . other lattice 
defects [157]. In addition to mechanical tvjihing, phase 
changes could occur in the vicinity of the interface [158]. 
Slip also' occurs during shock deformation and slipline notices 
are fine and more closely packed [159]. 

A sizable amount of the jet is captured in the swirls 
or eddies on either side of the wave crest. Lucas et al. [155]» 
by means of electron microscopy, foxmd clear evidence of 
melting in the vortex area. Using X-ray microanalyser and 
X-ray diffraction, Onzhwa and Ishii [I6O] studied the forma- 
tion of alloys on the bonded boundary of explosively welded 


dissimilar metals. 
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Ez#j*a reported [l6l] tha-t, at higher eaer^ levels, 
molten pockets coalesce to form a continuous molten layer due 
to trapping of large amount of jet. lagarkar and Carpenter 
[ 157 ] mentioned that solidified melt zones show columnar grain 
structure typical of cast metals. Extremely high hardness 
with the solidified melt zone may he due to high rates of 
cooling involving large amount of microstresses, phase trans- 
foi-mation possibly of the martensite type [162] and entrapment 
of oxides, nitrides and carbides [163]- 

In dissimilar metal welds, thin layer of interm etallic 
compounds are found [78, 94]. Angelo et al. [I 64 ] mentioned 
that microprobe results of melt zone of a x^ride variety of dis- 
similar metal welds gave alloy series midway between the two 
component metals. The two elementsmix almost independently 
of their mutual solid solubility [158]. Irueb [165] observed 
abrupt changes in the microstructure and sharp transition in 
concentration of element. Balakrishna et al. [166] studied 
the influence of collision parameters on the width of diffu- 
sion zone and concluded that the width influences the bond 
strength. Micro-indentation tests of explosive welds have 
also been reported [94, 167]. 

1.10 SIREN &TH OE BOND 

Bahrani and Crossland [94] carried out +ensile test 
across the weld interface, tensile shear test, side shear 
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test as recommended by ASTM and bend test. Salwan et al. 

[168], Balakrisbna et al. [166, 169 to 174] and Sin^ [175] 
have also reported some results on bond-test. Wylie et al. 
[137] have devised an impact test across the plane of weld. 

The strength of the welded bond was also studied 
by other various research workers [93? 131? 176 to 178]. 

All these tests showed that usually the weld is stronger than 
the weaker of the two metals. In general, the material after 
welding is harder and its ductility and fracture toughness is 
reduced [78]. Welds also show residual stresses which can be 
reduced [78] by subsequent heat treatment and cold forging 
[179]. formation of harmful intermetallic compounds and a 
continuous cast interlayer is known to reduce the strength 
of the bond. 

1.11 PRBSBHT STUDY 

Mechanism of explosive welding and interface wave 
generation is quite complex. Bventhou^ the basic models of 
explosive welding seem sufficient for practical applications, 
nevertheless, further analysis of the explosive welding pro- 
cess is essential for better understanding and application. 

The present classification of inclined arrangenent 
of explosive welding into symmetric - asymmetric welding seems 
inadequate to explain certain features of explosive welding. 
Various types of asymmetries arising from changes in plate 
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material and explosive are classified and discussed. A 
hydrodynamic model of explosive welding for general situa- 
tion is developed. 

Many theories have been proposed so far to explain 
the interface wave formation. These theories, however, do 
not explain the observed phenomenon of wave distortion satis- 
fa.ctorily. A 'Swinging ¥ake Mechanism’ for interface wave 
generation in explosive welding is proposed to explain the 
interface wave distortion for dissimilar metal combination. 

Obstacle size governs the interface wave size. 
Expression for diameter of obstacle is developed for general 
situation of explosive welding. 

The limited extent of fluidized zone in explosive 
welding within which fluidlike behaviour can be considered 
has not been sufficiently emphasised in literature. Further- 
more, the energy loss during collision in explosive welding 
is generally ignored. A model based on the limited extent of 
fluid zone and energy loss is suggested for asymmetric wel- 
ding and the expressions for permissible obliquity angles 
within which welding is possible are obtained. Based on this 
model a selection procedure for explosive welding parameters 
is suggested. 

Experiments on plate cladding,variable an^e experi- 
ments and tube to tube-plate welding are carried out to 
demonstrate the applicability of the, su gg ested selection 
procedure for espiosive welding parameters. 





IG. 1.1 MODE OF COLLAPSE OF FLYER PLATE 







< 

P (T 


h“ 


h- 

tn 


CD 


h- 

o 

UJ 


ho: 
UJ ^ 

h“ lJ- 


CD 


U- < 

Lu cr 

Q H 

„ z 

0- 1x1 

S . 

3 1x1 

X q: o 


o 

u 


a> 


o 

V- 

co 

< 

_J 

UJ 

> 

< 

z 

o 

1— 1x1 

< m 
H- < 
CA 03 




-I CO 
UJ O 
> -1 

CJi 

Q X 

Ul UI 
O X 


^ O 

< z 

a: — 

o cr 

< 3 




u 


h- 

co 

< 

_J 

UJ 


< 

Ixl 

X 

C/) 


cn ^ 


< H 
Z > 

o ^ 


I— 1x1 
< If) 
H < 
c/5 X 


o ^ 
— o 


h” 

< 

2 

UJ 

X 

o 

CO 


H 

< 

2 

X 

o 

u. 


ro 





FIG. 1.4 FLOW PATTERN PRODUCEb BY 
VON KARMAN VORTEX STREET 
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FIG. 1.5 FORMATION OF WAVY INTERFACE 
IN EXPLOSIVE WELDING (KOWALICK 
AND HAY [no] ) 


CHAPTER II 


A HIDRODYNAIIC MODEL EOR GEHERAL AEIRM GffiEMT OF 
EXPL0SI7E WELDING 

2.1 INTRODUCTION 

Explosive welding is usually classified in two broad 
categories as (i) symmetric welding and (ii) asymmetric weld- 
ing on the basis whether explosive is laid on both the plates 
or on one plate only. In order to study the mechaniaa of 
explosive welding for general asymmetric situation, various 
types of asymmetries arising from differences in plate material 
and explosive charge are classified and discussed. 

A hydrodynamic model for general arrangement of expD-O- 
sive welding is presented. 

2.2 ASYlttlETRIBS IN EXPLOSIVE WELDING 

It is, found from the experimental work of Onzawa and 
Ishii [90] that in so called ssrmmetric situation if the plates 
are of different densities the re-entrant jet does not bisect 
the set up angle and the interface wave is distorted. Strictly 
speaking, for true symmetric situation of explosive welding 
(i) the re-entrant jet should bisect the set-up an^e and the 
interface wave ou^t to be a sine wave. Therefore the above 
broad classif ication of explosive welding into symmetric and 
asymmetric welding does not fully explain the welding mechanism. 
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In practice, explosive welding is generally applied to weld- 
ing of two different metal s* In view of the need to study 
the mechanism of explosive welding of two metals and for 
better understanding of the process parameters, it is nece- 
ssary to classify various asymmetries in the geometrically 
symmetric welding situation. 

2.3 ClASSIFICATIOl’T OF ASYMI4BTRIBS 

Various types of asymmetries arising from differences 
in parameters of plate and explosive charge are classified as 
follows : 

1. Explosive Asymmetries 

(i) Explosive thickness asymmetry (Fig. 2.1-d) 

(ii) Explosive type asymmetry (Fig. 2.1-c) 

2. Metal Plate Asymmetries 

(i) Metal plate thickness asymmetry (Fig. 2.1~f) 
(ii) Metal plate density asymmetry (Fig. 2. 1-e) 

(iii) Metal strength asymmetry 

3. Buffer Plate Asymmetry 

Explosive Asymmetries and Metal Plate Asymmetries 
are shown in Fig. 2,1. Usually the buffer plate used on both 
the metal plates is of the same type and thickness and hence 
buffer plate asymmetry is of little importance. 
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In explosi-ye welding there may he one or a combina- 
tion of these asymmetries. Thus an ideal symmetric situation 
is such that none of these asymmetries is present, 

2.4 DIRECTION OF COLLISION 


A general arrangement of explosive welding consider- 
ing the various asymmetries is shoxm in Fig. 2.2. Velocities 
of the plates and Vp 2 are given from eq. (1.2) as 


'R1 


0.612 (e/m)^ 

2 + (e7m)p 


V 


D1 


( 2 . 1 . a) 


V 


P2 


0.612 (e/m ) 2 
2 + (e/m)' ^D2 


(2.1. b) 


where (e/m)p and (e/m) 2 are the explosive loadings on the 
two sides, and V^^ and Vp 2 3^® detonation velocities of 
the two explosives. 

If Vpp implied that the direction of 

collision will not bisect the set up angle. If the direction 
of collision is inclined at and cc^ relative to plate-I and 
plate-II, then from velocity and geometry considerations 


Vp2 siJa- ^2 “2 

VpP “ sin'ttp ttp 


( 2 . 2 ) 


and 


«i + ""a 


2a 


( 2 . 3 ) 
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where, 2a is the initial set up angle in general arrangement 
of explosive welding. 


Hence inclination angles 


a- 


^ 2^:bi 


a, 


1 


and a 2 a^re given as 
a (2. 4. a) 

a (2.4. h) 


In the progressive collapse of the two plates, the collision 
point S proceeds in the direction SS'. Angle between the 
direction of collision and the central line bisecting the 
set up an^e is given by 


or 


e 


c 


- a = a - 


e. 


inl£2^ 

1 


a 


(2.5) 


Since the re-entrant jet is in a direction opposite 
to that of the salient jet which in turn is opposite to the 
direction of collision, it can be said that the direction of 
re-entrant jet and the direction of collision would be same. 
In case where ®c ^ implying that the re-entrant 

jet would not bisect the set up angle. 



2.5 OBLIQUIIT MGLES IN GENERil lERM GEi-'IERT OF 


EXPLOSIVE WELDING 

In general arrangement of explosive welding, 

Vpi ¥^-22 ar.d hence the re-entrant jet (collision direction) 
does not bisect the angle between the two plates. Obliquity 
angles and with respect to the collision direction 

(Fig. 2.2) for the two plates are given by 



Pi ^ 

- + ^2 


( 2. 6. a) 

and 

P2 

= + gs 


(2.6. b) 

where 

and ^2 

are the dynamic' bend angles 

( in 

degrees) 

of the 

two plates 

and are approximately given 

ly 



01 

= 57.3TpiAbi 


( 2 . 7 • a ) 

and 


= sT.jVpjAjjp 


(2.7. b) 


Hence from equations (2.6), (2.4) and (2.7) 
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The general arrangement of welding (fig. 2.2) redu- 
ces to (i) asymmetric welding case if ^ (ii) sym- 

metric welding case if P]l = p2‘ 

2.6 A HYDRODYNAFilC MODEL FOR GEFERAL ARRAIIGMERT OF 
EXPLOSIVE WELDING . 

Since the pressure and strain rate encountered in 
explosive welding are expected to he extremely high, a hydro- 
dynamic model of explosive welding is justified. The impac- 
ting plates are considered as impinging jets which divide into 
salient jet and re-entrant jet as shown in Fig. 2.3. In the 
hydrodynamic model stagnation streamlines separate salient 
jets and re-entrant jets. An imaginary obstacle bounded by 
the two stagnation streamlines and passing through the stag- 
nation point S is considered. The problem thus reduces to 
the flow of two different fluids meeting at an an^e over an 
obstacle. The obstacle acts as a barrier in the flow resulting 
in the fomation of a wake which swings from side to side like 
the tail of a swimming fish. The wavy interface in explosive 
welding would be characterised by the frequency of the swing- 
ing wake which in turn depends upon the force on the wake. 

2.7 FORCE OR SWIRGIRG WAKE MODELLED AS AN AEROFOIL 

Birkhoff obtained expression for force acting on a 
wake produced behind a cylinder in fluid flow stream by 
considering the swinging wake as an aerofoil of equivalent 
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length [115-116], However, in general arrangement of explo- 
sive welding (Fig, 2.3), the wake swings in two different 
fluids meeting at an angle, + ^2^* 

The lift force on an aerofoil is usually obtained by 
considering a rotating cylinder -in fluid stream. Using a 
similar approach the lift force on the wake, is obtained by 
considering the flow of two different fluids meeting at an 
angle over an equivalent rotating cylinder, 

2.7.1 Plow of Two Fluids Over a Rotating Cylinder 

It can be shown by potential theory that a flow over 
a cylinder (without circulation) is obtained by superimposi- 
tion of the following flows, li" o-saummed thoJ- VpisVo C-See . 

(i) flow in x-direction, 0 = -a cos p cos 6 

(ii) flow in y-direction, 0 = a- sin p cos 0 

(iii) doublet issuing in x-direction, 0 = — cos p cos 0 

"X. 

(iv) doublet issuing in y-direction, 0 = sin p sin 0 

a, 

where is free stream velocity, p is inclination of * 

the flow with x-axis, a is radius of cylinder, X is 
strength of doublet and 0 ‘is potential function. 

Equation for tangential velocity for an inclined 
flow over the cylinder is obtained from ^ and 

is written as 

^0 = 


- 2 ¥ q sin (0 + p) 


(2.9) 
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In case of two fluids meeting over a cylinder 
(Fig. 2.4)s tile tangential velocity in various regions 
is given by 

= - 2 Vq sin(© + for (2.10. a) 

= - 2 sin(e - "P 2 (2.10.b) 

= “ 4 Vq sin(e + f~^/ 2 ) cos(p^+p 2)/2 

for 6 ^ -P 2 (2.10.c) 

where Y ^ is free stream velocity of both the fluid and 
and ^2 inclination of the upper and the lower fluids 

respectively. 

Net velocity V at the circumference of a rotating 
cylinder is given by 

V = + ^ (2.11) 

where is peripheral velocity due to rotation, P is 

circulation and 'a' is radius of the cylinder. For the direc- 
tion of flow shown in Fig. 2.4, the negative sign is used 
for anticlockwise rotation and positive sign is used for clock- 
wise rotation. 

The angular position Yg of file stagnation point (as 
shown in Fig. 2.4) is obtained by taking Y = G,such that 
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Yg = sin“^ (^) - ^2 (2.12) 

2.7.2 Lift Porce on. the Swinging Wake 

The lift force L on the swinging wake is obtained 
by modelling it as an aerofoil equivalent to a rotating 
cylinder 

(tc-P, ) 

f 

1 = - J pa sin ■© de ( 2 . 15 ) 

-(TT;-p2^ ■ 

where a is the radius of the cylinder; rndth of the cylin- 
der is taken as unity. The term within the integral denotes 
the vertical component of the force acting on an elementary 
area. 

Pressure p on the boundary of the cylinder is 
written from Bernoulli's equation as 

P = Pi = Po + —2 T " ^r^ 

for -Y ^ 6 ^ (■re-Pj^) 

(2. 14. a) 

P = Pp = Po + ”T“ “ T ■ ^r^ 

for -(Ti-p 2 ) ^ ^ “Y 

(2.14.h) 
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where are the densities of the two fluids; 

are the corresponding pressures in the two fluids regions 
and p^ is the free stream pressure. Therefore, 




L = - 


Y 

r 


Pi 


a sin -9 dO - 


P2 a sin 0 d0 


-Y 


■(7T-p2) 


(2. 15. a) 


L = Lp + Ls 


(2.15.b) 


From equations (2.13), (2,14) and (2.15) 

Pi 


a 




sin © d© 


-Y 


-a 


p2 

Po 2 “2 


’1 


|-4Vq sin(6+p^-p2/2)cos 


121 


ir-p 


1 


sin 0 d© -a 


j 


-fl ^o h i 


o 


+ _ -i[-2Y^ sin(0+p^)-v^| 


sin 0 d© 


( 2 . 16 ) 


Equation (2.16) is written in terms of coefficients and 
integrals as 
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h2 + ^22 ^22 + ^23 ^1 ^23 


■*• ^24 ^1 ^24 ■" ^32 ^1 ^32 + -^33 fl ^33 + ^34 fi ^ 
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( 2. 17) 


Similarly 


^2 = <°o+°12 /’2)lll + f2 C21 I23. + 4 °31 I3I 


( 2. 18) 


wh.01'6 ijilo coof f ici ©nij s ax's givsn by 


°o = -aPo. Oil = -a(v2 -t 2)/2, = 2aV„7^, 0„ = 2av 


O "r» 31“^°- o 


aiidCi 2 = C 2 i, 022 = 02^, C 23 = 2 cos(-^)C ,, , C = C 


5l^, 

2 ^'"21* "24 " "21 


^32 “ *^31’ ^33 = 4 cos(-~-i) , C 


2 ^ "31" "34 


C 


31 


( 2. 20) 


and "the integrals are given by 


-13_ - cos Y + cos ^2? l3_2 “ -cos - cos y 


-21 


cos ^2 + 


sin(2Y+p2)^ r ^^”^2^ sin ^2 


4 


-] _ [ cos ^2 


] 


si nO l+P2)^ rlLl „ ^ sin(2Y+P2^ 


•22 - -L-^ cos P2 + -4 - "— "- 3 “ [~| cos P2 ■+ 


] 
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•23 


^2 --- !i:? 2 . t=i Pi-P 


[•^ 00 s 


.] -[- ^ cos 


+ 


sin (2p^ - P1-P2/2) 


3 


(ti-Pt ) 


24 


[l::Z, l l 00s 6 + r^2 sin(2P2+Pi) 

L 2 Pi + 4 3 - [~ cos — \. . 


I31 - I31 + 


.2, 


t' _ r f Y cos Y 2 o 

•^31 ~ - - cos y) cos^ ^^3 


^^ COB Sin P, _ 2 


3— + 5 cos COS^ ^^3 


■31 


r 1 3 

L- - cos^ 


3 cos^ Y sin^ ^^3 -■ cos^ sin^ P 


- f M 

■31 


[- 3 sin^ Y sin^ ^23 - [- ^ sin^ ^2 sin^ ^23 


^32 - ^32 + ^32 + ^32 


I ' 
-L32 


r. Sin P^ cos P-,2 ^ 

1_(^ (,Qg P^J 


sin'^Y cos Y 2 2 

- L(- 3 3 cos y) cos P2 ] 


■32 


C- ~ cos^ p^ sin^ P23 - [- i cos^ Y si^^ P - J 
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I32 = 

[-■ 

1 . 3 

B±n^ 
j 

P2_ sin^ 

H 

V >3 

11 

I 33 

^ n 

+ “^33 

^ ftt 

+ I 33 

T ' — 

[(- 

sin^ P 

2 cos p, 

33 


3 


p p P 1 ”"P p 

I cos 


sin^ p cos p. 2 ? h-Pp 

- [( — 3 - ^ cos p^) cos^ (-^^^)] 


I cos^ p2 sin^(-i^)] - [- I COS^ p^ sin^( — 


)3 


1 35 - ^ sin^ p2 sin^p^-p^)] - [- | sin^ p^ sirS^p^-p^)] 


( 2 . 21 ) 

The lift force is now written in the form 

L = (A + B f 2 + C /i)2aVQ (2.22) 

where 

^ = t^o^^ll + ^12^^/^2 ^ ^o^ ^2.23) 

® = •-^o^ 11+^12^12’*'^21^21'^^31^31^/^2 ^ "^o^ (2.24) 

and ' 

C = j]C 22 ^ 22 *^^ 23 ^ 23 "^^ 24^24'*”^32^32'^^33^33'^^34^34^ 

(2.25) 

If the cylinder is rotating in an opposite direction to that 
shown in Big. 2, 4 j the magnitude of the lift force is given by 


o ro 
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L* = (A* + B* fj_ + C* jy 2 (2.26) 


where 


A 




B 


,s 


= A 
= B 
= C 


provided and 3^® suitably inter- 
changed while evaluating the integrals. 


Bor y ~ -^2 “ ^ ^1 ~ ^ 2 ~ ^ taking Pq = 0, 

2 

equation (2,26) reduces to L = 2 n which is a well 

y U 

known expression for lift force on a rotating cylinder in a 
fluid flow. 


2.8 CONCIUSIONS 

Burther classification of asymmetries in (geometri- 
cally) symmetric situation enables to develop a model of 
general arrangement of explosive welding. In general arrange- 
ment of explosive welding the two plates are inclined at 
obliquity angles and with respect to the - collision 
direction. 

In the hydrodynamic model it is generally considered 
that the wake behind the obstacle swings from side to side 
producing a wavy interface. She lift force on the wake depends 
upon the densities ( /^» ^ 2 ^ and obliquity angles (P2_> 

of both the plates. 



EXPLOSIVE WELDING 

( INCLINED PLATE ARRANGEMENT) 





HYDRODYNAMIC MODEL FOR GENERAL ARRANG 



CHiPTER III 


SWINGING- WAEE MECHMISM EOR INIERPACB WAVE GENIRAIION 

IN EXPLOSIVE WELDING 

3.1 INTRODUGTION 

The interface wave profile approximates to a sine 
wave for the case of welding of similar metals, however, the 
wave deviates from a sine wave for the case of welding of 
dissimilar metals. Inspite of the fact that many theories 
have been proposed to explain the wave formation, however, 
it seems that there is yet no complete analogy available 
which explains the formation of welded interfacial waves and 
its distortion. In the present chapter, a 'Swinging Wake 
Mechanism' is proposed to explain the generation of interface 
wave "using Birkhoff's vortex shedding theory. 

3.2 SWINGING WAEE MECHAITISM 

3.2.1 The Hydrodynamic Model of Explosive Welding 

Since pressure encountered in explosive welding is . 
much higher than the yield shear strength of the material [59] 
and strain rates are usually hi^er than the critical strain 
rate (10 /sec) above which the material behaves like an invis- 
c id fluid [87], a hydrodynamic model for general arrangement 
of explosive welding is considered. Eigure 2.3 shows the 
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hydrodynamic model of explosive welding in which two jets are 
considered to impinge on each other. Stagnation streamlines 
separate the main jet into corresponding salient jet and re- 
entrant jet. By considering an imaginary obstacle bounded by 
the two stagnation streamlines, the problem is reduced to the 
flow of two different fluids meeting at an angle over an obs- 
tacle. Wake, produced behind the obstacle, swings from side 
to side like tail of a swimming fish. The frequency of the 
wavy interface depends on the restoring lift force acting on 
the swinging wake. 

The lift force acting on the wake, modelled as an 
aerofoil, is obtained in chapter II by considering the flow 
of two dissimilar fluids meeting at an angle over an equi- 
valent rotating cylinder, by following an approach generally 
used in fluid dynamics. 

Considering that a wake of length 2 I is moving from 
a higher density material ( f 2 ) lo a lower density material 
( f^) , the restoring lift force B , acting on the wake incli- 
ned at an instantaneous tilt 9, is obtained from equation 
(2.26) by substituting = Vj, and 2a = 2 t ® as 

B = 2(B* + C* t © (5*1) 

It is assumed' that the free stream pressure p^ = 0 such that 
the constant A* in the eq. (2,26) is zero. 
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When the wake is moving from a material of lower 
density ( f^) into a material of higher density ( res- 

toring lift force is given hy equation (2.22) as 

k = 2 (B f2 + C f I © (3.2) 

Expressions for the coefficient B, B* and C, C* 
are given in chapter II, A representative value of circula- 
tion P = 2 m a Vj, is taken for evaluating y* Using DiKJ-lO 
computer, the values of these coefficients are calculated 
and are plotted in Eigs. 3.1 and 3-2. It is seen that the 
values of C and C are an order higher than B and B , hence 
it ' is concluded that the lift force on the swinging wake 
depends primarily upon the density of the material from which 
the wake is moving away. 

3.2.2 Swinging Wake Mechanism for Interface Wave 
Generation in Explosive Welding 

An approach similar to the one adopted hy Reid using 
wake oscillator model [88] of Birkhoff is employed to study 
the interface wave formation quantitatively. However, the 
present approach differs from Reid's approach in that (i) the 
lift force is estimated hy considering two dissimilar fluids 
flowing above and helow the swinging wake modelled as an 
aerofoil and (ii) as the mass of the wake is distributed 
restoring couple instead of restoring force is equated tt 
the inertia of the wake. 
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Birkhoff'.s wake oscillator model is extendeias it is 
able to explain some of the important observed facts. Consi- 
dering the wake oscillator model (Fig. 3.3-a) and ass'uming 
that the lift force is acting at a distance i/2 from the 
point of swing [180], the following expression is written for 
the case when the wsike is moving from a flnid of density ^2 
into a fluid of density 

19 = Restoring couple (3-3) 


I m 1^0 = -(B* + C* e (3.4) 


The related frequency of the swinging wake is given by 




I , (B* + C* f^) 


1 


Z /I 

2m V 4 


m 


(3.5) 


The corresponding wave length a^ is given by 


a^ 


(Fp - '^pg) - 


(3.6) 


where is velocity of the vortex street, and the velocity 

if o 

r at i o e ~ "^F S ^*^F * 

From equations (3.5) and (3.6) 


a. 


= (1-e) 


16 Tt m 


3(B* f-, + C 


1 


f^) 


(3.7) 
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Considering that the wake hei^t h is made np of 
two materials of densities and and k is the frac- 

tion of total wake height occupied hy metal of density fj^, 
the mass of the wake is given "by 

m = 2 h [k (1-k) f^] (3.8) 

It is assumed that the length of wake 2 | varies from zero 
to a^/2 giving an average value of = a^/8 [115]. Hence 
from equations (3.7) and (3.8) 


^1 ~ 3 


Tt 


(B* f^) 


(l-e)2 [k + (1-k) 


(3.9) 


During movement of the wake in material of lower density 
from mean position to top position, the contihution to wave- 
length is a^/4 as shown in Fig. 3.3-1 (i). 


Similarly, when the wake starts swinging from top 
position towards material of higher density /'2» contributes 
a portion of wavelength equal to as shown inFig. 3.3-b 

^ CENTRAL LlBRy^FT. 

(ll) such that I, I.J., Kanp-jr. 

2 ^ '^cc. No, 

^2 " 3 ( 1 - 1 ^) 

(3.10) 

When the wake moves from bottom position to top position 
towards material of lower density /]_» it- again contributes 
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a portion of "wavelength eq^ual to 8t-2_/2 as shown in Pig. 
3.3-1) (iii). 

Thus the interface wave is formed, hy contributions 
from upward and doxirnward movements of the xirahe in both the 
materials. Combination of various portions of the wave 
yields the final shape of wavy weld interface as shown in 
Pig. (2.3). 


3.2.3 Distortion of Interface Wave 

Welded profile for similar metal combination generally 
approximates to a sine wave, whereas, for dissimilar metal 
combination the shape of the profile deviates from a sine 
wave [90], The proposed shape (Pigs. 2.3 and 3.3-1)) broadly 
agrees with the observed shape of the wavy weld interface 
given by Onzawa and Ishii [90] (Pig. 3.4). 

The characteristic parameters of interface wave 
(Pigs. 2.3 and 3.3-1)) and are defined as 

X = (a^ + a2)/2 (3.11) 

= 0.^/2 (3.12) 

where X Is the wavelength and ^ is the contribution to 
the wavelength when wake is moving from lower density mate- 
rial to higher density material. If fp f2* from 

equations (3.9) and (3.10) a2 > a,^ hence ^ > ^/2. 
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If density of the top plate is lower than the 
density of the bottom plate then, 

is the distance between crest and nei^bonring trou^ in 


the direction of the stream. The experimental work of Onzawa 
and Ishii [90] shows that '^>>-/2. Experimental work of 
Thorpe [l8l] on flow of two immisible fluids also implies that 
^ > X/2. 


The degree of distortion p is defined in the follow- 
ing manner such that p = 0 for sinusoidal wave when the ratio 
of density is unity, and p > 0 if f^/ <. 1, 






From equations (3*9) to (3.13) 


(3.13) 


(C^ - B) 
(0* + B) 


C-B^ _fl 
C^-B ^2 


C+B^ ^1 
C*+B ^2 - 


(3.14) 


I 


Theoretical variation of degree of distortion p with 
density ratio f-^/ is plotted in Fig. 3.5. Theoretical 
variation of p with obliquity angle and with obliquity 
angle ratio r^ = shown in Fig. 3.6. The theory 

predicts that distortion of interface wave is more if there 
is a large difference between the densities of the two metals 
(lower density ratio fl/ theory also indicates 
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(Pig. 3»6) that even the welded interface for similar metal 
comhination ( _f^/ f ^ = 1) produced by asymmetric welding is 
slightly distorted. Available experimental evidence shows 
that there is a sli^t distortion in the wavy weld interface 
even for welding of similar metals. 

3.2.4 Amplitude to Wavelength Ratio 

Klein [108] found experimentally that the amplitude 
to wavelength I'atio has an average value of approximately 
0,3* Von Karman vortex shedding theory predicts the ratio 
h/^ = 0.281. Birlchoff's theory [ll6] predicts the ratio 

h/^ = 0.35, which is close to the values quoated above. 

Taking the amplitude of the interface wave equal to the hei- 
^t h, the amplitude to wavelength ratio h/X is obtained 
from equation (3.9), (3.11) as 

h _ 3 (B+C f^/ f^) (B^ f^/ fg + G) 

^ 2n^(l-€)^ [(B+G*) + (B*+C) f^/ f2K(l-k)+k f^/ f^] 

(3.15) 

3.2.5 Swinging Wake Model Using Simplified Lift Porce 
Equation 

In the above analysis of swinging wake model, the 
lift force is obtained from equations (2,22) and ( 2. 26) . The 
values of B, B^ and C , C* are comparatively dif ficult to 


55 


evaluate. However, use of a simple lift force equation ena- 
bles us to develop simple formulae for p and li/>. • Figures 
3.1 and 3.2 show that there is a little effect of j 33 _ and the 
ratio on the value of the coefficients B, B* and C, C*. 

Ignoring the effect of and following simpli- 

fied expression for the lift force on the swinging wake is 
obtained from equations (2.22) or (2,26) using a representative 
value of circulation P = 2tz a. and assuming free stream 
pressure p^ = 0, taking p^ = p 2 0. 

P = 2 (, e v| [x ^ - 0.21( - f^)] (3.16) 

where p„ is the density of the fluid from which the wake 
is moving away and is the density of the other fluid. 

As the contribution of the second term is small (less than 
7 y.) , equation (3.16) is further approximated as 

F = 2 Tt i ® (3.17) 

Using equation (3.17) and an approach similar to 

1 

that adopted in the previous sections, the following simple 
expressions for a^^j b.^, p and h/x are obtained. 

a^ = 47c(l-e)^ [k + (1-k) f23h/(3 f2) (3.18) 

ag > 47t(l-e)2 Ik f ^ + (l-k) f j) (3.19) 
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ri 


Vf? 

1+ fi//2 


( 3 . 20 ) 


k 2 f2 

^ 2Tr(l-.e)2 (1 + f^)[{l-k)+]c f^/ f^] 


Variation of degree of distortion otitained from 
simplified equation (5.20) is also plotted in Pig. 3.5 
(dotted line) ■which, shows that the simplified equation 
(3.20) is reasonably accurate. 

3.3 EKPERMENTiil EVIDENCE AND DISCUSSION 

The values of the degree of distortion t] and ampli- 
tude to wavelength ratio h/j\ from experimental results of 
Onzawa and Ishii [90] and Crossland et al. [75, 78] are plot- 
ted in Figures 3.7 and 3.8. 

Predicted values of degree of distortion p (Bq.(3.20)) 
are also plotted in Fig. 3.7. The predicted values show 
reasonable agreement with the experimental results. The degree 
of distortion decreases with increase in the ratio f 2 ‘ 

It may be noted that the distortion is defined in a manner 
such that p = 0 for a sinusoidal wave when the ratio of den- 
sities is unity. 

To plot the theoretical variation of h/^v. with f 2 
(Eq. (3. 21) ) values of e and k are needed. Values of e 
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ranging from 0,03 to, 0.4 have been suggested by various 
workers [116], According to Onzawa and Ishii [90], in the 
case of dissimilar metals, most of the metal re-entrant jet 
generates from the stream of lower density meterial. This 
implies that the wake would be probably be made up, of mate- 
rial, largely, taken from the metal of hi^er density. Thus 
the value of k is expected to be in the range of k = 0 to 
h = 1/2 depending upon the density ratio. Predicted values 
of amplitude to wavelength ratio h/pv. (Eq. (3.21)) are plot- 
ted for k = 0, 1/2 and e = 0.03 to 0.4 in Eig. 3.8. It is 
observed that most of the experimental values fall within the 
predicted range. The average theoretical variation isalsoplot- 
ted for average values of k = 0,25 and e = 0.215. 

The scatter in experimental values of h/;x is due to 
expected variation of k and e which are likely to be affected 
by explosive welding parameters. The limited extent of the 
region within which fluid like behaviour occurs [106] during 
explosive welding needs further investigation to establish 
the behaviour of k and e with variation in welding parameters. 
The ratio e = V-pg/Vj, depends on Eeynolds number [ll6] which 
is difficult to determine accurately in explosive welding. 

3.4 GONCLUSIONS 

The ' Swinging Wake Mechanism • adequately explains the 
generation and distortion of wavy weld interface. 
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The degree of distortion depends upon the density 
ratio. The lower the Talue of f ^ the larger is the 

deviation of wavy interface from a sine wave. The degree of 
distortion is marginally affected hy the' obliquity angle 
ratio '^stn be concluded that it is only the 

’metal-plate-density asymmetry' which causes significant 
distortion of interface wave, and all other types of asymme- 
tries leading to the condition ^ p2> produce any 

significant wave distortion. 

The average value of amplitude to -wavelength ratio 
of interface wave for dissimilar metal combination is expec- 
ted to be lower than that for similar metal combination. 
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CHAPTER IV 


SIZE OE OBSTACLE AID IITEHEACE WAVE 

4.1 INTRODUCTIOI 

In tile previous chapter, the swin^ng wake mechanism 
of explosive welding is discussed. The model considers that 
the wake hehind the ohstacle swings from side to side produ” 
cing a wavy interface. Size of the obstacle governs the wave 
size. Expression for size of the obstacle for general arrange- 
ment of explosive welding is developed in this chapter. 

4.2 AMPLITUDE AID WAVELENGTH OE IB'TEREACE WAVE 

Eor Von Karman vortex street, amplitude of the inter- 
face wave is taken equal to the transverse spacing of vortices 
h (wake height) where amplitude to wavelength ratio h/jv, = 0.281. 
From free streamline theory, hei^t of wake is 1.25 times the 
diameter 'd' of the obstacle. In the case of viscous fluids, 
mean longitudinal spacing is invariant and the ratio h/%. 
varies due to variation in h [115]. Since there is a finite 
extent of fluid zone in explosive welding, the flow is possibly 
confined and h/x ¥ould be less than 0.281 due to wall effect 
[ 115 ] which implies that h should be less than l,25d. In 
cases where centres of vortices can be identified in real 
fluid flow and also in weld interface, wave amplitude is found 
to be greater than wake hei^t h [ 120 ]. 
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However, m the present analysis, the amplitude of 
the interface wave is considered equal to total height of 

wake corresponding to transverse spacing of vortes street 
and is given by 

h = 1.25 d 

Ihe ratio of h/^ is written as 

h/A- = c (4,2) 

According to vortex shedding theory, c = 0.281, whereas the 
swinging wake model predicts a value of c given hy equation 
( 3 *. 21 ). 

From equations (4.1) and (4.2), the wavelength X is 
given by 

= 1.25 d/c (4.3) 

4.3 SIZE OF OBSTACLE 

Although the ratio h/x is independent of diameter 
of obstacle d, the amplitude h and wavelength X depend 
■upon d. Thus, to estimate h and it is essential to know 
the diameter of the obstacle in the case of explosive welding. 

There has been criticism [121] about the exlstance 
of a r eal obstacle in the hydr odynami c model of expl osiv e weld- 
ing. Although there is no real Cbstacle, however, expected 
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velocity distribution [87] in explosive welding is somewhat 
similar to that obtained for the case of flow over a solid 
obstacle. The assumption of a solid boundary is justified 
as the velocity on the stagnation streamline is zero. Eence 
it is reasonable to imagine an obstacle between the two stag- 
nation streamlines. 

Considering complex velocities of jets [182]; Reid 
and Sherif [120] developed the following expression for the 
diameter of the obstacle for the symmetric case. 

d = 0.88 t p . (4.4) 

where p is obliquity angle and t is thickness of each plate. 

The equation (4.4) developed by Reid and Sherif [120] 
is for the ideal symmetric case where both thecplates are of 
same material having same thickness and p^ = P 2 = P* ^ 

actual practice p^ naay not be equal to P 2 » fo^ example in 
^mmetric situation p^ 0 and P 2 = 9* It is therefore 
necessary to estimate the diameter of obstacle for a general 
arrangement of explosive welding. 

The diameter of obstacle is found, by considering 
collision of jets and establishing co-ordinates of point of 
intersection of the extention of stagnation streamlines. 
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4*5*1 Collision of Jets 

Reid mentioned that the o'bliq[Ue collision of jets 
for non— symmetric situation is in general indeterminate [88j. 
However, according to Birkhoff, the situation is determinate 
in the case of parallel impinging jets [115] or for an analo- 
gous case of parallel outgoing jets. In the hydrodynamic 
model of general arrangement of explosive welding (Big. 2*3) 
the salient jet and the re-entrant jet are considered parallel 
hence the situation seems to be determinate. 

In a situation where Vp^ 7^ '^P2 ^1 ^ ^ 2 * velo- 

cities of incomming jets are not necessarily equal. However, 
considering energy loss in the collision (chapter V), it casa: 
be shown that the speed of the outgoing jet is approximately 
5 /. less than the speed of the incomming jet. Considering 
equations (1.1. a), (2. 8. a) and (2.8.b) it can be shown that 
Ul Up provided Vpp = which is true as same explosive 

is usually used on both the plates in symmetric arrangement. 
Hence the approach suggested by Reid and Sherif [120] is exten- 
ded for general situation of explosive welding assuming that 
the speeds of all the jets are approximately equal. 

For the case of collision of two jets of uneqi:^! 
densities, the two estimates of pressure at the stagnation 
point are obtained by considering the two jets and are given 
as 

^1 = ^ ^1 ~ ^1 P2 = ^ #2 “ ^2 
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where 1^^ and L 2 a,re energy losses in the two jets. From 
energy loss consideration (chapter ¥) it can he shown that 
energy loss is hig;her in the jet moving with hi^er kinetic 
energy. Thus it is possible that the energy losses and 
L 2 such that at some point S, p^ becomes equal to P 2 
giving rise to a stagnation point. 

Consider an equivalent systan of explosive welding 

such that two incom|!Ling jets of thicknesses t^^ and t2 are 

colliding as shown in Fig. 4.1. Let the out going jets be 

of thicknesses t^ and t^. let the speeds of bounding free 

streamlines of all the jets be U. A point (x, y) in the 

physical plane is denoted by 2 = x + iy in the complex z- 

plane, and the fluid velocity at a point is described by the 

— i ft 

complex velocity D = U e where U is the fluid speed and 
6 is the direction of velocity. The stagnation point S is 
the origin in both physical and in ccaaplex plane. The rela- 
tionship between z and V is given as [182] 

= U log^ (1 . ^ log^ (1 - 


iog„ (1 . log„ (1 


(4.5) 


The derivation of the above equation implies that 
the density of all the fluid jets is same. Such a relation- 
ship for the case of colliding jets of \mequal densities 
(fj.* exist. In the present analysis, for 
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estimating obstacle size the thicknesses of the two jets t- 

and t2 are normalised such that tf = r-Lfi- + 

^2/2 1 1/1+ f 2) 


^2 ( ^*2) SQ.'uivalent thicknesses of jets of 

average density + f^l2^ Thns considering the thickness- 
es of incom^ing jets as t^ and t* and of outgoing jets as 
tg and t^, the following relationship can be tcritten 


mz 


^1 h) 


= n [ ^ log^d - I-) . ^ 




S 


V 






(4.6) 


Complex velocities Of incomming jets are u^. ^2 

and that of outgoing jets are v^^ and By substituting 

—ip ^ ip 2 

■Uf = -Ue , ^2 ~ , Vj^ = -TJ and V2 = U, equation 

(4*6) is written as 


%z ^^1 ‘-iCe-p-,) -ipo 

-- = -r e log [1 + e ] - e ^ log^[l- 


— i(©+pp) r —-ifi -tA 

e ^ 3 logg[l-i-e - r^ log^[l-.e ®] 


(4.7) 


where , 






(4.S.a) 


t* = 2 fi + f^), ^*=2^2 (4.8.b) 



73 


■tg = I [r + 1 + (r cos + cos t* 


(4.8.C) 


= p [r + 1 - (r cos P-, + cos pp)] tp (4. 8.d) 


Substituting © = % + in equation (4.7) and separating 
real and imaginary parts, 


TCX 

4.x 


= loS’e^ " ^r ^^Sei2ooa p^) 


P 1"*"^ 2 \ 

- r cos p^ 6 + ( — ^ — ) sin Pp 


cos Pp log^(2sin — ^ — } 


(4.9) 


and 


IZ 


Pn 

F + ^r loge^“F“^ - r sin Pp log^ 6 


Pi+Po / ^1^^2 n 

+ (-^-^)cos pp + sin Pp logg(2sin — ^ — ) 


(4.10) 

where 6 — 0 as © — ^ n; + p^^. 

The equation of the upper innermost streamline l 2 _ is written 
as i 

X sin p^ - y cos p^^ - 


(4.11) 
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where is written, by using small angle approximations, 
as 


'1' 


- P- 


log. 




(1+P 2/P1) 


(1+r) 


2Pi 


TL 

2 Pt 


( 4 . 12 ) 


Since is parallel to AI^ (lig. 4 . 1. a), the equation of 
the line BS^^ is given as 

X sin p^-ycosp^ = ^2^^ ~ "^rl 

Similarly, equation of line BS2 is given as 

-y y 

X sin ^2 + y 00s p2 - °2 "^ 2 ^^ “ ^r 2 

where t*^ is the thickness of the re-entrant jet contribu- 
ted by jet - I and t*2 is the thickness contributed by jet - 
II. Expression for C2 is given by 


(4.15) 


(4.14) 



log. 


(P 1 ip o) 


(r+rp^/p2) 


(P2-^Pl) 


P 


(l+r) 


2 p 


1 


% ^ 
2 p. 


(4.15) 


Solving equations (4.13) and (4.14) and using small angle 
approximations, we get 
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X. 


o 


Js. 


+ t. 


rl ■ ^r2 


f \ 

'2 *^1 ^2 

"^1 + P 2 ^ 


(4.16) 


Jr 


'r2 


P-i - P 


rl ^2 


(c, P 


+ PoT 


2 ^^1 


'1 ^2^ 


TFprrp” 


( 4 . 17 ) 


4 . 3.2 Diameter of the Obstacle 

The imaginary obstacle should be tangential to the 
streamlines and S 2 a-nd it should also pass through the 
stagnation point S (Fig. 4.1'-b). The diameter of the cir- 
cular obstacle is given by geometrical considerations, as 

§ -j p 

d = 2(|x^j + x^) sec(p^-P 2 ) sin( — (4,18) 

where the expression for x^ can be found by considering the 
triangle GSC such that 

^1 f^^o ^ n ^o! ^1^ tan( — -g— )3^ = (4.19) 

From eqs. (4.17) and (4.19) for the -ideal symnetric 
situation (p^ = pg = p, f-j_/ f 2 " ^ and t^ = tg = t) y^^ = 0 
and = d/2, as shown in Fig, 4.2-a. Equation ( 4 . 18) 
reduces to d = 0.88 t p as also obtained by Reid and 


Sheri f [120], 
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For the asymmetric situation = 0) y^ = 0, 
= 0 (Fig. 4 . 2 - 13)5 and equation ( 4 . 18) becomes 


a = [_ hfejl , Z!l 

'■ 7t ^8 


2 f> 

( 4 . 20 ) 


4 . 3.3 Variation of the Diameter of Obstacle With 
Obliquity ingle and Obliquity Angle Ratio 


Expressions for the diameter of the obstacle are 
solved using computer DEC-10. The results are plotted in 
Fig. 4 . 3 -a and 4.3-13. It is seen from Fig. 4.3-a that the 
diameter of the obstacle for asymmetric situation (p 2 “ 
is independent of thickness ratio (r = t^/t 2 ) and that it 
is less than the diameter of the obstacle for S3rmmetric 
situation (p^ = P 2 ) • diameter of the obstacle for the 

general situation when 0 -<4, P2 / Pp 1 *^3'^ 1^® obtained 
from Fig. 4 . 3 -b, 

4.4 EXP ER MEN TAD EVIDENCE J®D DISCUSSION 

To verify the theoretical analysis for estimation 
of diameter of the obstacle, the experimental results of 
Bahrani [183] are used. For asymmetric welding, experimental 
variation of amplitude (Eq. ( 4 . 1 )) and wavelength (Eq.(4.2)) 
are plotted in Fig. 4*4 using the expression for the diameter 
of the obstacle for asymmetric welding case (Eq. (4.20)) 
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taking c = 0.3 [IO8]. It is seen that the values of h and x. 
predicted by the theory are of th@ same order of magnitude 
as that of the experimental results. 

As the diameter of the obstacle is smaller in the 
asymmetric situation than in symmetric situation, waves of 
smaller amplitude and wavelength are likely to be produced 
in the asymmetric situation. 

To study the dependence of wave amplitude on density 
ratio, variation of amplitude (Eq» (4.1) with Eq. (4.20)) 
with is plotted in Eig. 4.5. Experimental points 

have been taken from the work of Bahrani [183] and Cowan et 
al. [107]. Taking the values of h/>. fran the theoretical 
mean curve of Eig. 3.8, experimental results of Kuzmin et al. 
[I84] are also plotted for p = 12 deg. The theory predicts 
the experimentally observed trend of the increase in amplitude 
with increasing density ratio. 

4.5 CONCLUSIONS 

Expression for the diameter of obstacle is developed 
for general arrangement of explosive welding. 

Diameter of obstacle is expected to be smaller in 
asymmetric situation than in symmetric situation. 

Smaller waves will be produced (a) in asymmetric 
welding as compared to symmetric welding and (b) for dis- 
similar metal combination as compared to waves in similar 
metal combination. 





1^6. 4.1 EQUIVALENTOBSTACLE IN HYDRODYNAMIC 
MODEL OF EXPLOSIVE WELDING 
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5 dependence OF WAVE AMPLITUDE ON 
DENSITY RATIO 




CHiPTER Y 


PERMISSIBLE RANGE OP PARAMBIERS POR EXPLOSIVE WELDING 

5.1 PRODUCTION 

Baiirani and Crossland [94] carried out explosive 
welding tests to study the phenomenon of wave formation and 
its effect on strength of bond. Experimental variations of 
interface wave amplitude h with obliquity angle p for 
different explosive loading [94] are shown in Pig. 5.1. The 
general nature of the curve is also represented in the figure. 
It is seen that below a critical angle and above an angle 
wave formation does not occur. However, welding with 
straight interface may take place upto an angle beyond 

In this chapter a model of explosive welding, based 
on a limited extent of fluid zone and considering energy loss 
in collision, is proposed. Expressions for p^, and pj^ are 
developed. A selection procedure for explosive welding para- 
meters is suggested. 

5.2 PLUIDIZED ZONE 

Usually in hydrodynamic analogy of explosive welding, 
total thickness of plate is considered as fluid. However, 
using Taylor ’ s analysis [185] of oblique impact of an incom- 
pressible jet on a plane surface. Hunt [105] showed that 
there is a limited extent of fluid zone witl in which f luAiMjj£,a. 
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form as 


w 

t 






(5.3) 


Equations (5.1)aand (5.5) are plotted in Pig. 5.2 
and it is seen that both the plots are very close. Hence the 
simpler equation (5.3) is used in the subsequent analysis. 

Robinson [87] theoretically predicted pressure 
distribution around the stagnation point. Pressure and strain 
rate contours (Fig. 2 of Ref. [87]) are approximately circular. 
So it is assumed that the fluidized zone is approximately 
cylindrical in shape. If w/t - 4 . 1, only a part of the plate 

thickness is flioidized, if w/t 1, total thickness of the 
plate shows fluidlike behaviour and the width of the fluid 
zone is equal to or greater than the hei^t of the fluid zone 
as shown in Fig. 5.2. If t^ is the thickness of the fluidized 
portion of plate, then t^/t will always be less than or equal 
to 1. The variation of t^/t is also shown in Fig. 5.2? from 
which it is seen that 


t^ = t 


for p -41 P 


0 


(5. 4. a) 


and 


t^ = w 


for p -yf Pq (5.4.b) 
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where Pq is the obliquity angle above which t^ ^ t. For 
certain values of p the shapes of the fluidized zones are 
also shown in Fig. 5.2. 

Fluid zone factor r^ is defined as the ratio of the 
fluidized thickness of plate to the total thickness of the 
plate. Thus r^ = t^/t, hence. 



where Pq is the obliquity angle above which only a portion 
of the plate is fluidized and Pp is the obliquity angle 
above which the plate does not show any fluidlike behaviour. 

The variation of fluid zone factor r^ versus p, and 
r^ versus Vp, for copper (p = 1. 2 x 10^ N/m^ [186], f = 8900 
kg/m^) are shown in Fig. 5*3» 

5.3 CONSIDERATION OF ENERGY LOSS IN COlilSION 

In explosive welding, the energy loss in collision 
is usually ignored. Ass'uiiiing that no energy loss takes place 
in collision and that the total plate has a fluidlike behaviour. 
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mass of the re-entrant jet for asymmetric welding is given, 
by equation (1.3. a). 

However, whenever there is an impact some energy is 
always lost. As such in explosive welding too, there will be 
some energy loss in the collision of jets and it is expected 
that there will be some reduction in jet velocity after the 
collision. 

Consider that a fluidized jet of thickness t^ and 
mass m^ = r^ impinges with a velocity Vj, and that it divides 
into a re-entrant jet of mass m^ and a salient jet of mass m^ 
each assumed to be moving with a velocity Y- (Fig. 5.4-b), 
such that 

•• ’“s “r ^ “f (5.6) 


C ons’ervation- of horizontal momentum gives 

m^ + r^ m^ = m^ cos p (5.7) 

where, the velocity ratio = T’j/y'p. 

If L is the kinetic ener^ lost in collision, conservation 
of energy yields 



+ r. 


V 




_L 

J- 

2 '' 


(5.8) 
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Prom equations (5. 6) to (5,8) 

r^ m 

“r = FT" (5.9) 

V 


and 



2L 


-f “ S 


(5.10) 


Tiius the mass of the re-entrant jet is given by 


m 


r^m 






f mv| 


- COS p]/ /(I - 


2 r^ m Vj, 


(5.11) 


For L > 0, equation (5.10) suggests that r^ 1 
i. e. 5 Vj ^ Yj, which means that there is a reduction in jet 
velocity after collision. The ratio of ’absolute* value of 
re-entrant jet velocity to collision point velocity in explo- 
sive welding is usually considered equal to 2. However, the 
experimental study of Onzawa and Ishii [90] shows that this 
ratio is less than 2. This also reveals that there is -Some 
reduction in jet velocity after collision. 


For the ideal case of no energy loss 1 = 0, and 
hence from equation (5.10) r^ = 1. The equatioii( 5. H) thus 
reduces to equation (1.5. a) for r^ =1. 



5«3»1 Evaluation of Kinetic Energy loss in Collision 

In tie case of collision of two jets, the kinetic 
energy loss is primarily due to the plastic work done in 
deforming the plates and viscous losses. These losses are 
expected to depend mainly upon the material properties of 
the plates, the velocity and the viscosity of the jets. In 
view of an inadequate information regarding the viscosity 
of the fluidized jet of metal and its dependence upon the 
welding parameters Vp and p, a semi-empirical approach is 
adopted to estimate the loss of kinetic energy. 

Maximum loss of kinetic energy is given from equation (5.11) 
by taking m^ = 0, such that 

I'maz = i rj m Tr| sin2 p (5.12) 

When the energy loss is equal to 1 , no re-entrant jet is 

produced. In general the kinetic energy loss L is written 
as 

i = r w (5.13) 

where is the loss factor such that ^ 1. , 

The loss factor is obtained from Eqs. (5.11) aiid (5*13) as, 

2 

^ = [1 - ■f(r^ m cos p)/(r^ m - 2m^) } ]/sin^ p 

(5.14) 
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Meyer’s experimental data [91] for the mass of the 
re-entrant jet for varions values of plate velocities Yp 
With p = 16 • and m = 24 gms is used to estimate the loss fac- 
tor y-' . The values of 'jJ are plotted in fig. 5.5 against p_. 
By fitting a curve relationship 0.55 Pg*^ is obtained. 

The mass of the re-entrant jet = 0 when the loss 
factor y' = 1. From Meyer's experiments on copper, this 
condition corresponds to Vp = 200 m/s for p = 16 deg., Vp=550 
m/s for p = 50 deg. and Vp = 475 m/s for p = 40 deg. The 
function y^/pg*^ is plotted against p in Fig. 5.5, which 
giv es 


Y = 1.25 p 


(5.15) 


Using equations (5.12), (5.13) and (5.15), the 
empirical expression for kinetic energy loss in collision is 
given as 


L = 0.625 p rp m V^ sin^ p 


.. 2 


(5.16) 


5.5.2 Mass of Re-entrant Jet 

From equations (5.11) and (5.16), the mass of the 
re-entrant jet with energy loss consideration is given by 


m = 
r 


rp m 


[1 - cos p/ /l-l, 25 P p| sin^ p ] 


2 


(5.17) 
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Using equations (5.2), (5.3) and (5»17), the theore- 
tical variations of the mass of the re-entrant jet is obtained 
and is plotted against obliquity angle p in Uig. 5*6 for ¥p = 
350 m/s and 475 m/s, for copper along with the experimental 
results of Meyer [91] using m = 24 gms. The conventional 
equation (1.3. a) for mass of re-entrant jet is also plotted. 

It is seen that there is considerable reduction in the mass 
of jet when energy loss is considered. The theory predicts 
that the mass of the jet initially increases with increase in 
P, reaches a maximum value and decreases with further increase 
in p giving m = 0 at a certain angle Pt-,. Equation (1.3‘a), 
however, predicts a monotonous increase in the mass of jet and 
does not predict any dependence of mass of re-entrant jet on 
plate velocity. Thus the present theory is in reasonable 
agreement with the experimental results of Meyer [91] aud 
predicts the important features of m^ versus p curve. 

Corresponding thickness of the re-entrant jet t^ is 
given from equation (5.17) as 

t^ = — [1 - cos p/ j/(l-1.25 p pj sin^ p)] (5-17. a) 

where r^ is fluid zone factor, t is total thickness of the 
flyer plate and p is the obliquity angle. 



5.4 HATUilE OP VARIATlGE OF ¥AYE MPIITUDE yiTH OLLIQUIFY 
AiJGLE 

Fx om swinging wake model proposed in ckapier III, 
amplitude of interface wave h for asymmetric welding of 
similar metals is given by the equation (4.1) and (4.20) as 

h = 1.25[- + I p - 0.16] t p (5.18) 

Since thickness of fluidized plate t^ is not always 
equal to the thickness of the plate t, the above equation 
needs to be modified by substituting t = t^. Thus 

log p 

h = 1.25 [ + 3 P “ 0.16] t p for p < pQ (5.18. a) 


h = 1. 25 ^ 


% 


0.16] 


4(l-p 
2 

Tt P P 


Pg)' 

2 

s 


t p 


for p •u=* pQ (5.18.b) 

Variation of t^, t^ and h with p are plotted in Fig. 

5.7 for a representative value of p = 4 and t = 1 mm. 

s 

Theoretical variation of t^ and t^ with p shows that fluid 
zone vanishes above an angle Pj, and re-entrant jet is absent 
above an angle p^. Amplitude of interface wave is maximum 
corresponding to optimum obliquity angles pQ. 
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■tfalsh. et al. [60] have shoim that below a critical 
aiigle jet—less configuration occurs in explosive welding 
implying h = 0, Thus the wave amplitude plot is sli^itly 
modified by line AB in Fig. 5.7. 

Eowalick and Hay [llO] suggested that below a certain 
Reynolds number, flow near the obstacle is laminar and a 
straight bond is obtained. The condition corresponds to the 
obliquity angle which separates wave-no-wave region (Sec- 
tion 5- 5 . 3)0 With this consideration the plot of h versus p 
is further modified as shown by line DW. 

5.5 LHIITING OBLIQUITY' MeLLS 

5o5ol Fluid Z on e-No Fluid Zone Boundary 

The obliquity angle p^ (in degrees) above which the 
plate does not show fluidlike behaviour (Fig. 5.2) is obtained 
by putting w = 0 in equation (5.3) s as 

= 57.3 p“^ (5.19) 

5.5.2 J et-Ho -J e u ( ¥ eld -H o-¥ eld ) B ound ary 

For explosive xirelding, re-entrant jet is necessary 
as it ensures the cleaning of the mating surfaces. Consider- 
ing that jet-no-, jet condition corresponds to weld-no-weld 
boundary, the following expression for' p^ (in degrees) is 
obtained by putting m^ 0 in equation (5.17) 



(5.20) 
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Ps " 

5 . 5*3 ¥ave-rIo-Wave Boimdary 


KowalicKand Hay [llO] Have opined that in the case 
of explosive welding flow around an obstacle is governed by 
Reynolds number given by 


Re 



(5.21) 


where Vp is the stream velocity, f and p are the density 

and viscosity of the fliAidized metal stream and d is the 

diameter of the assumed circuls-r obstacle. They [HO] opined 

that below a certain critical Reynolds number, flow around 

the obstacle is laminar and straight bond is obtained. Taking 

4 

p = 2 X 10 poise for steel, they calculated the critical 
Reynolds number Re = 2.3 in explosive welding. Cowan et al, 
[107] defined Reynolds number on the basis of hardness of the 
metal plates and found that the critical Reynolds number 
Re = 10, Whereas, for fludd flow Re = 40 has been reported 

[115]. 

It is very difficult to estimate the exact viscosity 
of flijidized metal jet and its dependence on the explosive 
welding parameters. ^ However a siiaple approach to find visco- 
sity of the jet can be based upon the criteria that the shear 
stress between the layers is equa - to the theoretical yield 
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shear strength of the material such that 


P = 


T 

e 





a 



( 5 . 22 ) 


wnere p = is the theoretical yield shear strength of the 
material, p is the viscosity of the metal, stream velocity 
Vp is velocity scale, velocity half width is length 

scale and 'a' is a constant which can be evaluated empirically. 

From equations (5.21) and (5.22) the transition 
collision velocity for wave-no-wave boxmdary is given by 


/ Re ^ -p 

y =: / 

F¥ i a d f 


(5.23) 


It has been shoim by Reid [121] that width of 
disturbance 2 A is approximately equal to the diameter of 
the obstacle d, hence 



/ fie p 

1/ 2af 


(5.24) 


Since hw = h and Pg = 2p/(fVp), equation (5.24) can 
be written as 

Pw = 57.3 p;* (5.25) 

where is the critical obliquity angle (in degrees) for 
XV e-nO“Wave boundary. 
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5.5.4 Optimum OlDliquity Angle for Maximum Wave Amplitude 

The obliquity angle Pq (in degrees) which corres- 
ponds to maximum hei^t of interface wave is obtained by 
equating equations (5. 18. a) and (5.18.b) 




0 


114.6 

/2 P3 + It p| 


(5.26) 


5 . 5.5 OptimiM Obliquity Angle for Maximum Thickness 
of R e- en t r ant Jet 

The obliquity angle Pqj (in degrees) which corres- 
pond to the maximum mass (or thickness) of re-entrant jet 
is obtained from equation (5.17) as 

Poj Ps ^ (5.27) 

5.6 COMPARISIOR OR THE OR! WITH SXPEREIEfJTAL RESULTS 

Prediction of the theory is compared with the 
experimental results of Bahrani and Crossland [94], Meyer 
[ 91 ] and Cowan et al, [107]. 

To calculate specific, pressure plate velo- 

city Vp is obtained from equation (1.2). 

The actual^ strength of a material is much less than 
the theoretical strength due to the presence of impurities 
and defects. Since the dimensions of wavy interface in 
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explosive wading are small and strain rates are extremely 
iiiglip tile, stress level needed to fluidize the metal is expec-' 
ted to approach the theoretical yield shear strength of the 
material. Theoretical strength of a material depends upon 
itiS crystal structure, modulus of rigidity G and stacking 
fault energy [186], Theoretical strength of some of the 
metals, usually of interest in explosive welding, are given in 
Table - 5.1. The values of densities used for various mate- 
rials are also given. 

The value of the theoretical strength of metal p 
is difficult to calculate due to uncertainty of stacking 
fault energy, variation of crystal structure with temperature 
and effect of alloying elements on the value of G. However, 
the values of p given in Table - 5.1 are used to study the 
effect of specific pressure p^ in explosive welding of metals. 

Values of p are calculated from experimental data 
of various workers [91, 94] using equation (5.2) and values 
of p from Table - 5.1. Theoretical variation of 6„ versus 

JCf 

Pg (equation (5.20)) is plotted in Fig. 5.8 along with the 
experimental results of Bahrani and Crcssland [94] and Meyer 
[91]. It is seen that the theoretical predicted values show 
a good agreement with the experimental results. 

The experimental results of Bahrani et al. [94, 97] 
and Meyer [91], for wave-no-wave condition, are plotted in 
lig. 5*9. Cowan et al. [107] found experimentally that wave 
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Table - 5.1 


V alues of Theoretical Strength of Metals 


Material 

Density 

y 

lO^kg/m^ 

Modulus of 
Rigidity 

10^° N/m^ 

Crystal 

Struc- 

ture 

% /g 

Theore- 

tical 

Strength 

"''max P 

10%/m^ 

Esraarks 

Iron 

7.80 

6.0 

B.G.C. 

0.11 

6.6 

Taken 

from 

R ef o 
[186 J 

G opper 

8. 88 

3.08 

R.C.C. 

0.039 

1.2 

n 

Nickel 

8.82 

7.8 

F.C.C. 

0. 039 

3.0 

Calcula- 

ted 

using 

Ref. 

[187] 

Titanium 
( 880 °C) 

4.52 

3.0 

H.C.P. 

0.087* 

2.6 

Calcu- 
lat ed 
using 
Ref. ^ 
[168 J 

Aluminium 

2. 62 

2.3 

F.C.C. 

0.114 

2.6 

Taken 
f r om 
Ref. 
[186] 


* 


Taking axial ratio = 1.587 
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vanishes at p = 12° for = 1365 m/s and at p = 12° for 
Vq = 1600 m/s for cladding of Hickel plate where Vp, =-|-V„/ 

B . ni ■ • . ^ 

sin 2 collision velocity. These results are also plotted 
in Fig. 5.9. Theoretical variation (equation (5.25)) of p^,. 
with Pg is of the nature p^ = E p^ The experimental 
variation is represented hy 

A comparison with equation (5.25) shows that 

Re/a = 13 (5.29) 

For copper, the value of ’a* is estimated from equation (5.22) 
by taking a representative value p = 10 poise for Vp = 350 
m/s and p = 16° [87]. Taking 2 A = d = 0.88 t p [121], 
equation (5.22) yields a= 1.25. Thus equation (5.29) gives 
Re = 16. 5 as the wave-no-wave condition. This is comparable 
with the values of Re = 10 given by Cowan et al. [107], 

Re ^ 3 given by Eowalick and Hay [llO] and Re = 40 in actual 
fluid flow situations [115]. 

Theoretical variations of pQ and p^j versus Pg(EqS. 
(5.26) and (5.27)) are plotted in Fig. 5.10 along with the 
experimental results of Bahrani et al. [94? 97] and Meyer 
[91]. The theory shows a reasonable agreement with the experi- 
mental results. 
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5.7 L0¥EE CRITICAL MGLE 

Walsh-s Shreffler and Willing [60] showed that below 
a certain critical angle re-entrant jet is absent. Thei-e— 
fore welding does not take place below a critical angle 
Although Walsh et al. [60], Cowan and Holtzsnan [64] and Allen 
et al. [92] have suggested procedures for evaluating but 
it is very difficult to calculate Pj^ for given configuration 
and material properties. The angles p^, P-., and pQ show a 
dependence on specific pressure p^, it is expected that Pj^ 
would also depend on p^. A graph between p^^ and p^ is shown 
in Fig. 5.11 using experimental data of various workers [91? 

92; 94? 97]. A simple emp irical equation for p^ is obtained 
by using least square fit for a pov/er curve as 

Pj, = 6 (5.30) 

5.8 PSHI4ISSIBIE jRAWGE OF OBLIQUITY AiJGLS p AIJD 
SET-UP ANGLE a FOR EXPLOSIVE WELDING 

Permissible range of obliquity angle p for explo- 
sive welding is given by 

p^ C p k. p^ (5.51) 

Using equations (5,20), (5.30), (5.2) and (1,2), 
the inequality (5.31) is expressed as 



102 


6 

^ fl' 


< P < 


46 E. 




■0.5 


(5.32) 


wliere E^ is the explosive loading number and E,,r is the 

w 

explosive welding number, and are defined as 


E 


f 


0.612 e/m 
2~ + e/m 




(5.33) 



p/(i 



(5.34) 


Permissible range of set-up angle a is obtained on 
the basis of permissible range of p and using the following- 
relationship 

p = a + 0 (5.35) 

where dynamic bend angle 0 (in degrees) is given by 

0 cm 57.3.7^ = 57.3 E. (5.36) 

Vp t. 

Prom inequality (5.32) and equations (5.35) and (5.36), 
permissible range of set-up angle is given by 

(6 E®;® - 57.3 ) <a < (46 E^ - 57.3 E^ ) 

(5.37) 
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5.9 SELECTION OP EIPIOSIVE WELDIIG PARMEIBRS 
(a) Welding of Copper 

Permissible obliq-uity angles Pj,) and generated 

o'bliquj.ty angle (p) for various conditions, versus ^Dlate velo- 
city are plotted in Pig. 5.12 for copper (p = 1.2 x 10^ H/n^) 
using equations (5.20), (5.30), (5.2), (1. 2), (5.35) and (5.36). 
It is implied In. the.present analysis that the explosive 
requirement for proper welding is, primarily, a function of 
material properties of the flyer plate. 

Figure 5.12 is used to illustrate the procedure for 
selecting parameters for explosive welding. Assuming that 
explosive wading of copper is to be done using parallel 
arrangement (a = 0) and an explosive with = 5000 m/s. It 
is further decided to use an explosive loading such that the 
plate velocity = 350 m/s. The conditions are represented 
by point A in Pig. 5.12. Thus the corresponding value of p 
generated falls outside the permissible range and proper weld- 
ing will not take place. There are three alternatives to 
remedy the situation. 

(i) Increase the explosive loading so that the plate 
velocity reaches a higher value, say Vp = 700 m/s, 
such that point A moves to point Ap in the permi- 
ssible range. 
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(ii) Use an explosive with lower detonation velocity, 
say Yj^ = 4000 m/s, point A moves to point A2* 

(iii) G-O' vin f or inclined arrangement so that a = 10° 

and point A moves to point A^ which is well within 
the range of and 

Similar conclusions for explosive welding have been 
drawn hy Orossland [78] on the basis of experimental experie- 
nce. The present work, however, provides a quantitative basis 
for selecting alternatives means of carrying out explosive 
welding successfully. 

Variation of with plate velocity, for wave-no-wave 
condition, is also plotted in T'ig. 5.12. A designer may aim 
at Selecting parameters such that Pj, <4. P < P-^^y so as to 

ensure the formation of interface wave. 

It is interesting to note that a parallel arrangement 
with Vp = 350 m/s and Vp = 5000 m/s (point A in Fig. 5.12) 
does not seem to provide suitable condition for cladding of 
copper whereas using an inclined arrangement (a = 10 ), weld- 
ing seems possible even at lower explosive loading (say point 
A^) . However, it is know from the work of Crossland and 
various other workers that there is a lower limit of Vp ps 2DQ 
m/s, below which satisfactory welding does not take place. 
Plate Velocity required for parallel arrangement (point Aj) 
is much hi^er as compared to inclined arrangement (point A^) • 
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Tlius an inclined arrangement with explosive of high detonation 
velocity, may he preferred for welding of copper. However, 
for large plate cladding, parallel ai’rangement with explosive 
of low detonation velocity is necessary as in the inclined 
arrangement a large gap at the free end causes bending of 
plates [78]. 

(b) Welding of Steel. 

Figure 5.13 shows permissible range of obliquity 
angles for welding of steel (p = 6.6 x 10^ W/m^). Consider 
that explosive welding of steel is to be done using inclined 
arrangement (a = 10°) with an explosive having = 5000 m/s. 
It is further decided to use an exialosive loading such that 
plate velocity = 400 m/s. These conditions are represen- 
ted by point A in Fig. 5.13 which falls outside the permissi- 
ble range and hence proper welding will not take place. There 
are three alternatives to remedy this situation. 

(i) Increase the explosive loading so that plate 
veloci'by is increased to a higher value, say, 

Vp = 600 m/s, such that the point A moves to 
point Ap in the permissible range. 

(ii) Use an explosive with hi^er detonation velocity, 
say Y^ = 7000 m/s, point A moves to point Ap. 

U c. 
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(iii) Reduce "blie set— up angle from 10^ to 5*^? point A 
moves to point A^. Also, "by using parallel 
arrangement (a = 0), point A moves to point A^. 

5.10 OP TIMM EXPLOSrVE LOiPEilG 

Maximum amplitude of interface wave is produced if 
tile welding parameters are such that optimtoa obliquity angle 
is generated. 

Using equations (5.26), (5. 2), (1. 2), (5.35) and 
( 5 . 36 ) values of optimtim explosive loading is plotted against 
detonation velocity in Pig. 5. 14. a for a = 5° and a = 10°, 
for steel and copper as flyer plate materials. It is seen 
from Fig. 5.14-a that for inclined arrangement of explosive 
welding use of high detonation velocity explosive and low 
set-up angle is preferable, as less amount of explosive would 
be required. 

It is evident from Fig. 5.14-a that explosive requi- 
red to weld steel is more than the explosive requii’ed to 
weld copper. Optimum explosive loading is plotted against 
explosive welding number in Fig. 5.14-b. It is seen that 
the explosive requirement is lower for materials having lower 
explosive welding number. It is concluded that, the plate 
having lower explosive welding number be made flyer plate if 
possible, to keep the explosive requirement low. 
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5.11 MINIMIM MD MAIUTO'I PLATE VIIOCITI 

The minimum plate velocity Vj, is obtained on the 
basis that contact pressure should exceed the dynamic yield 
strength of the material [148] such that 


V 


'min 


ts 

if 


(5.38) 


where cr^g is the ultimate tensile strength and / is the 
density of the plate. 

Higher plate velocity is known to cause spalling 
of plates, excessive melting at the interface and formation 
of harmful interm etallic compounds making the joint weaker. 


Expression for Yp (equation (1.8)) can be 

■^max 

written as [148] 


V 


'max 



P 


0.5 


(5.39) 


where k^ is a material constant and t^^ is the flyer plate 
thickness. 

For many metals usually used in explosive welding, 

^T) -pr:::. 200 m/s is generally taken. Vp depends on 

■^min ■'^max 

metal properties, thickness of the flyer plate and obliquity 
angle. However, a plate velocity less than 800 m/s is 
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usually used in explosive welding. Thus the plate velocity 
in explosive welding is such that 200 m/s < <_ 800 m/s. 

5.12 WELDIBIIITY WlllOW 

It is evident from the previous discussion that 
explosive welding is possible only within a limited range 
Ox welding parameters. The region within which welding is 
possible is usually termed as 'Weldability Window' or 'Explo- 
sive Welding Window. 

It is kno'iijii from the results of various workers and 
from present analysis that, the following conditions need be 
satisfied to achieve welding. 

1 - Collision velocity should be less than sonic 

Velocity Vg in the plate material. 

2 - Impact angle p should exceed a limiting value 

below which a jetless configuration exists. 

3 - Impact angle p should be less than Pj, above which 

re-entrant jet vanishes. 

4 - Piute velocity Yp should exceed a certain value 

to ensure minimum contact pressure. 

5 - Plate velocity Yp should be below a certain 

vi'.ue to avoid the formation of interm etallic 

f,frapounds and melting at the interface. 

In jxplosive welding the flyer plate collides with 
the parent plats with a v<jlocity Yp at an inclination p. 
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HeACe, a plot of p versus is possibly of more importance. 

For copper, a theoretical weldability window is shown 
in the graph of p versus (Pig. 5.15) wirhin which welding 
is possible. Permissible value of obliquity angle p is such 
that p^ < p <_ p^. Equation (5.20) is used to plot p„ 

ill 

rersus Y^ and Eq. (5.30) is used to plot p^^ versus Y^ (Fig. 
5.15). Theoretical transition line (equation (5.28)) corres- 
ponding to wave-no-wave boundary is also shown. The weldabi- 
lity window is divided into two regions by the transition line. 
The region above the line pertains to welding with straight 
interface and the region below the line corresponds to welding 
with wavy interface. For minimum and maximum values of plate 
velocity equations (5.38) and (5.39) may be used. However for 

simplicity, Y^ = 200 m/s and 7 , = 800 m/s are taken. 

■^min ■‘^max 

Meyer's [91] experimental plot is also shown in Fig. 5.15. 
Wave-no-wave boundary for Meyer's experimental results is taken 
from reference [129]. Experimental plot* of p versus 7^ as 
reported by Crossland [80] is suitably re-plotted in Fig. 5.15. 
using Tq = 7p/p . The theoretical weldabili-ty window is found 
to be in broad agreement with the experimental results. 

Weldability' window for other materials can be drawn 
also in a Similar way using the above approach. 
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5.13 CONCLUSIONS 

1. In explosive welding, there is a limited extent 
of fluid zone within which fluidlike behaviour 
occurs. Above an obliquity angle 6-, there would 
be no fluid zone. 

2. There is some energy loss in collision of plates 
in explosive welding. The energy loss considera- 
tion suggests that there is a reduction ' in jet 
velocity after collision. The consideration of 
energy loss also explains the experimental varia- 
tion of mass of the re-entrant jet with obliquity 
angle and plate velocity. 

3. For welding to take place, re-entrant jet is 

necessary and hence the obliquity angle p should 
be such that < P P^,. 

4. Wav e-no-wave condition corresponding to a critical 

Reynolds number represent boundary of wavy inter- 
face and straight bond. A wavy interface is 
formed if p^ < P <. p^ and a straight interface 
is formed if p^^ < p < p^,. 

. With lower detonation velocity explosive (say 
3000 m/sec), use of parallel arrangement 
is recommended whereas for high detonation 
velocity explosive use of inclined arrangement 
may be preferred. In general, except for large 


5 



Ill 


plate cladding, inclined arrangsnent 

witli low set-up angle (say a = 5°) may be px-efe- 

rable as compared to parallel arrangement. 

6. Besides set-up angle and explosii/e loading, 
specific pressure p^ and explosive welding nianber 

important parameters governing welding. 

In asymmetric situation ’of explosive welding, the 
plate Tiirith low explosive welding number should be 
kept as flyer plate. 

7. Theoretical weldability window for explosive weld- 
ing for a material can be constructed which provi- 
des permissible range of parameters for explosive 
welding. Thus suitable values of explosive loading 
and set- up angle can be selected so as to keep the 
obliquity angle p and plate velocity Yp within the 
permissible region. 
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FIG. 5.1 VARIATION OF WAVE AMPLITUDE WITH 
OBLIQUITY ANGLE FOR DIFFERENT 
EXPLOSIVE loading ( BAHRANI AND 
CROSSLAND [94]) 
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FIG. 5.3 VARIATION OF FLUID ZONE FACTOR 
WITH OBLIQUITY ANGLE AND PLATE 

VELOCITY 



(b) WITH ENERGY LOSS 

Vj < Vp 

FIG.5.4 DIVISON OF MAIN JET 


LOSS FACTOR f 
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FIG. 5.5 DEPENDENCE OF LOSS FACTOR ON 

EULER'S NUMBER AND OBLIQUITY ANGLE 
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FIG. 5.6 VARIATION OF THE MASS OF THE RE-ENT 
RANT JET WITH OBLIQUITY ANGLE 
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FIG. 5.7 VARIATION OF WAVE AMPLITUDE 
WITH OBLIQUITY ANGLE 
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FIG. 5.13 VARIATION OF PERMISSIBLE RANGE OF 
OBLIQUITY ANGLE AND GENERATED 
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FOR STEEL 
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CHiPTER VI 


EXPERffiENm IWESTIGATIOtTS 


6.1 niTRODUCTIOH 


Various reseai'ch. "workers have carried ou"t fluid— 

а. iialogue experinieiics which show "thai inierface wave genera- 
tion in collision of two fluid streams is analogous to the 
generation of weld— interface— "wave in explosive "welding. The 
phenomenon of interface "wave formation is studied hy inter- 
posing an obstacle beween two fluid streams meeting at an 
angle, representing the hydrodynamic model of explosive 
welding. 

To demonstrate the utility of the "weldability windo-w 
and selection procedure for explosive welding outlined in the 
previous chapter;, explosive cladding, variable angle experi- 
ment and tube to tube-plate welding of various metal combina- 
tions is carried out. 

б. 2 PlUID AlIALOGUB EXPERffiENT 

Abrahmson [96] carried out experiment on collision 
of putty and suggested a mechanism of interface wave formation 
in explosive welding, Cowan et al. [107] investigated inter- 
face wave formation by collision of two fluid jets as an 
analogue to collision of two plates in explosive welding. 
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Wilson and Brunton [95] carni r,, + 

•- experiments by pushing 

Gnrough a cylinder a fluid ^ 

, . another fluu and 

no reed rntertace naves. Sobky and Bla^nsW [122.12,3 desl- 

ned a fluid analogue experiment m nhioh tuo fl -a , ' 

^ , wnicn uvo ilmd layers are 

.pirated at a dietanee apart, fhe hott« of the upper 
container was removed at a certain speed making the top fluid 

'al^ over the bottom fluid mvi v. 

observed interface wave 

was found to be simi is-r 4.1 

in explosive neld- 

A vortex shedding analogy is usually considered to 
explain interface nave formation in explosive nelding. The 
vortex Shedding experiments is generally carried out hy piecing 
a circular ohstacle in a fluid stream. The fluid meets the 
onole ciroumfrence of the obstacle. Honever, i„ explosive 
welding, only a portion of the imaginary obstacle is in contact 
With the fluid (for symmetric situation, fluid contact angle 
IS 180 - 2g). Furthermore, in explosive nelding, the top and 
bottom fluid jets may be of different densities. Fluid ana- 
logue experiments have not been carried out lor tno different 
Ihorpe [ 181 ], however, has studied experimentally the 

interface nave between tno immi^lble liquids as a fluid meoha- 

nics probloBe 

set-up incorporating the following 
features is designed and fabricated. 
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1. The two fluids are allowed to meet at aji 
angle ov er a rounded obstacle. 

2. Pluids of different densities can be used 
in the two channels. 

Figure 6.1 shows a sketch of the perspex model. 

The two streams I and II are considered as salient jets flow- 
ing at an inclination 2p = 20° over an obstacle of radius of 
0.75 cm. The remaining portion of perspex model serves as 
inlet and outlet for the fluid flow. The height and velocity 
of flow are controlled by operating the inlet tap and outlet 
weir height. Velocity of the flow is calculated from measure- 
ment of the time taken for a particle to travel a known dis- 
tance. Tor flow visualization, solution of potassium permanga- 
nate is injected at certain points in the flow. 

6.2.1 Plow of Two Similar Fluids 

The two streams of water are allowed to flow in the 
channels at an inclination. The velocity of the streams is 
gradually increased by increasing the inlet flow rate. The 
pattern of wake behind the obstacle changes with velocity. 
Initially, for very low velocity of the order of Vj> = 1 cm/ 

Sec, vortices are not formed. At a higher velocity say 
Vj, = 2 cm/sec, vortices appear and remain attached to the 
obstacle producing a straight interface. With further increase 

in velocity 3 cm /sec) the vortices start shedding 

£ 
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alternatively and approximately elnusoldal interface wave is 
Observed. A farther increase causes the turbulence in the 
wahe. Figure 6. 2- a shows a photograph of the vortices, taken 
at an angle of 60° o"her side of the set up, for 

Vp - 3 om/seo. The interface wave is also observed, however, 

evid^eat in the photograph. Seneral nature of the 

piienomenon as observed from -i-n-rv r, 

ea irom top is represented in Pig. 6. 2-b. 

situation shovm in Pig. 6,2 corresponds to a Reynolds 

ujiber Re - 450. It is noted that this critical Reynolds 

number (450) for hydrodynamic analogue experiment is higher 

than the orltical Keynolds number ( '.c; 5c) for conventional 

vortex shedding experiment [II5]. The orltical Reynolds number 

for explosive welding has been estimated to be approximately 

equal to 10 by Cowan et al. [107] and 3 by Kowaliokand Hay[n0]. 


The difference in Reynolds number may be attributed 
to the following factors. 

(1) The flow configuration in hydrodynamic analogue is 
different than that of conventional vortex shedding 
experiment as explained earlier. 


^ ^ The velocity measurement is taksi at the top fluid 

layer. The (^'e flows below the top layer at smaller 
velocity. Therefore it is quite likely that the 
vortex shedding might be taking place at a Reynolds 
number 450 whereas the calculation based upon 
the top layer velocity gives Re = 450. 
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(iii) 


!‘or the case of 


explosive weldin 


of the viscosity of fluidi 


made. 


g accurate estimate 


zed metal jet has not been 


6.2.2 Of Two Dissinalar FluUe 

For studying the flow of two different fluids, water 
and .ohil-oil are allowed to flow in the channels at an inoli- 
nation. It was not possible to maintain egual welooities for 
the two streams. Vorter formation and shedding was not noticed 

foi the case of flow of two dissimilar fluids. However, it is 

expected that vortex sheddinii' -nc-r. + i ^ 

mg may take place at certain condi- 

'on. A further work is needed in this direction. 

However, the interface wave was observed. Figure 
6 . 3 -a shows a photograph (taken at an angle) of the interface 
wave formation for Vj,(water) = 5 om/seo and Vj(moblloil) = 1 
om/seo. Seneral nature of the interface wave formation as 
observed from top is represented in Pig. 6.3-b. It is seen 
that the interface wave is distorted and this is in aooordanoe 
with the actual observation of distorted weld-interface for 
tile case of dissimilar metal combination. 

6.3 EXPIOSIVE WELDING EXPME4MTS 


In the previous chapter, selection procedure for 
explosive welding is outlined. In the present section the 
Utility of the procedure is demonstrated by selecting the 



133 


explosive loading 
quity angle p and 
range. 


e/m and set up angle a snch that the obli- 
velocity lie within the pexmissible 


F oil owing categories of 


experiments are done 


1* Hate cladding 

2. Variable obliquity angle experiments 

3. lube to tube-plate welding 

4. Half length explosive experimeats 


glecerene, 
sives are 


Three types of explosives are rsed naaely Hitro- 
Cordtex and PEK-I. The properties of these explo- 
isued in Table 6.1. Althou^i the detonation veloci- 


ty Of explosive vary vith thickness and density of explosive 
however, in the present investigation the average values of 
Tjj listed in the table are used. BUfflO exploder with I.C.I. 
Ho. 6 electric detonator is used.. 


Various types of explosives used in the experiments 

are shown in Pig. 6.4. Details about the packs are given in 
Table 6.2. 


Various metal combinations of copper y stainless 
’ steely aluminium and brass are used for explosive 

welding experiments. No special preparation was done for cleaning 



■used as buffer plate as required. 



Properties of Explosive Used 
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Preparation of Explosive Packs 
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6 •3*1 P 13,110 Cl3.ciciiiig 


The set up used for asyinetrlo welding la shown in 
Tig. 6.5-a where flyer plate is hung with the help of strings 

at hoth the ends. Suitable stand off dfatance and/or inolina- 

tion an^e is maintained bv priiiio 4 -- 

Ousting screws. The parent 

plate is hept on the base anwil. ,wo other arrangatents. wia. 

(i) handing of flyer plate by four strings attached to four 

coirn©!* IioIgs of Ih© ilvp"r -nisH- js 

-e ilyer plate and (ix) clamping flyer and 

parent plate at one end, were also tried. However, the above 

method (Fig. 6.5-a) is found to be most convenient. 

An Open site is selected at I.I.f. Hanpur campus 
and experiments are done there. Photograph of the explosion 
at site is shown in Pig. 6.5-b. 


The parameters for the explosive welding are seleo 
ted as per the following procedure such that the condition 
corresponding to p and falls within the range (p versus 
Vp plot given in chapter V). 

1. Explosive loading e/m is chosen so as to give a 

plate velocity Vp = 0.6l2¥p (e/m)/(2 + (e/m)) in 
the range 200 m/s < < 800 m/s. 

2. The minimtan and maxim-um permissible obliquity 
angles ((3 p and p^) are calculated from equations 
(5.30) and (5.20) (or seen from Figures (5.12) and 
(5.13)). 
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T£BLS 6.3 


Piste Cladding 


SI. 

No. 

Metal 

C ombinati 

on 

Explosive 

a 

deg. 

e/m 

A ' 


Stand 

off 







deg. 

miB 

A-1 

Stainless 

Stainless 

steel- 

steel 

Cordtex 

5.0 

0.144 

267 

7.3 

1.5 

1-2 

n 


NG 

0.0 

1.114 

547 

12.5 

3.0 

A-3* 

n 


!t 

0.0 

0.584 

346 

7.9 

2.0 

A- 4 

u 


tl 

0.0 

1.000 

510 

11.7 

3.0 

A- 5 

If 


Cordtex 

4.0 

0.204 

369 

7.3 

0.0 

A- 6 

ft 


ft 

5.0 

0.220 

394 

8.5 

0.0 

A-7 

ft 


It 

8.5 

0.220 

394 

12.0 

0.0 

A-8 

ft 


!f 

0.0 

0.142 

263 

2-3 

2.0 

A- 9 

ii 


ft 

0.0 

0.220 

394 

3.5 

2.0 

A~10 

If 


PBI'.-I 

5.0 

0.184 

334 

8,0 

3.0 

S-1* 

' 1 


C ordtex 

6.0 

0.110 

208 

7.8 

0.0 

S-2* 

n 


If 

6.0 

0.110 

208 

7.8 

0.0 

A-i:P 

Copper-C Op per 

C ordtex 

5.0 

0.061 

137 

6.2 

3.0 

A-12 

If 


NG 

5.0 

0.487 

300 

11.9 

3.0 

A-13 

It 


Cordtex 

5.0 

0.158 

291 

7.6 

3.0 

A-14 

ft 


NG 

5.0 

0.475 

294 

11.7 

0.0 

A-15 

ft 


C or dt ex 

5.0 

0.120 

227 

7.0 

0.0 

A-16 

ft 


NG 

20.0 

0.785 

431 

29. 9 

0.0 

A-17 

1 ! 


C ordt ex 

15.0 

0.192 

349 

18.1 

7.0 


C ontd 
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Contd. Table 6.3 


Plate Claddiiig 


SI. 

No. 

M etal 

C ombi nation 

Explosive 

a 

deg. 

e/m 

V 

P 

P 

Stand 

off 






cl eg. 

A~18 C opper--C opp er 

Cordtex 

2.0 

0.128 

240 

4.2 

5.0 

A-19 

U 


30.0 








0.128 

24c 

32.2 

5.0 

A- 20 


PEK-I 

10.0 

0.182 

331 

12.9 

5.0 

A- 21 

Stainless steel- 
C opp er 

C ordtex 

5.0 

0.117 

220 

7.0 

0.0 

A-22 

I? 

NG 

0.0 

0.824 

447 

10.2 

4.0 

A- 23 

Stainless steel— 
Mild steel 

Cordtex 

5.0 

0.128 

239 

7.1 

5.0 

A- 24 

n 

fr 

10.0 

0. 220 

394 

13.5 

5.0 

A- 25 

Stainless steel- 
Bronze 

ff 

8.0 

0. 220 

394 

11.5 

5.0 

A- 26 

Stainless steel— 
Cast iron 

II 

6,0 

0.220 

394 

9.5 

5.0 

A- 27 

Aluminium- 

Alnminium 

n 

4.0 

0.150 

278 

6.5 

0.0 

S-3 

ff 


4.0 

0.150 






278 

6.5 

0.0 

A- 28 

Alimiinium-C op per 

If 

4.0 

0,150 

278 

6.5 

0.0 

A- 29 

Aliominium- 
Stainless steel 

ff 

4.5 

0.150 

278 

7.0 

0.0 

A»30 

Brass- 

Stainless steel 

it 

5.0 

0.155 

286 

7.5 

0.0 

A-31 

Brass -Brass 

If 

8.0 

0.189 

343 

11.0 

3.0 

A-32 

Br as s -Alumi nium 

fi 

10.0 

0.189 

343 

13.0 

0.0 

A-33 

B ead— B'ead 

ft 

5.0 

0,113 

212 

6,9 

5.0 

A-34 

C Opp er- 

Stainless steel 

ft 

10.0 

0.256 

452 

14.0 

7.0 

A- 3 5 

Copper-Mild steel 

ft 

11.0 

0.256 

452 

15.0 

4.0 


3E 

A 


Partially welded ** Not welded 

Asymmetric S Symmetric 



139 


3. The dynamic bend angle 0 = 57.3 1^/V^. 

P B 

4. A suitable vaJLue of set up angle a is selected 
so as to give a obliquity angle p = a + 0 such 
that Pj, < p ^ 

Details of plate cladding experiments are given 
in Table 6.3. In general, plates I50 mm long and 50 mm wide 
are used. TVm. tVuckjniss Cot,|3CK stedi ^ A*.u.minUi». , M»u 6rojj 

The cladded plates are ciat all along the periphery 
to remove material from sides. Then it is cut in several 
pieces (Fig. 6.6). Pieces (b) and (d) are used to make 
tensile test specimens and pieces (a) and (c) for shear 
test specimens (See article 6.4). Central portion (m) is 
used for microstructural examination. 

To study appearance, of the weld interface metallo- 
graphic examination of the welded pieces is done. The central 
portion (m) of the welded specimen is polished, suitably 
etched, and examined under a microscope. Etching reagents 
used for various metals are mentioned below. For dissimilar 
metal combination, etching reagent for one of the metal is 
used. 

Microphotographs of some of the specimens are 
shown in Pigs. (6.7) and (6.9), 
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M etal 
C op per 


Stainless 

S X GQ 1 


Mild steel 


llumininm 


Brass 


-bitch; 


Acqu eoijs 

Chloride 


I" erric 


Marble 


s reagent 


^ry's reagent 


Eeler's reagent 


A/qneous Ferric 
Chloride 


C pmncsl-hi rrr. 

iiydxo-chloric acid fc c 
Water 12 C q.c. ' 

Copper sulphate 4 «as 
Cupric chloride 90 gns 

acid^i Hydrochloric 

p Hitric acid 

1 . 0 / ’ "^y^^°=flworic acid 

E erric chloride 10 gm 


It is Observed that profile of mterfee 
mates a Chvh . Interface wave approxi- 

® similar metal combination (Fig. 6 ?} 

ana the wave shape is distorted for dissimilar A . 

tions (Pig. 6 8) V e- aissxmxlar metal comhina- 

, / ^ “a noticed a)-.ead of the wave 

orest and trough in the direction nf + 

. - diteotion Of stream for the case of 

similar metal combination (Pig. e.7). 

' ^ at the photographs in Pig. (6.7) and 

(0.8) shows that the averaff,= r.-f^ 

^ ®i2e of waves is smaller for 

issimiiar metal combination. 
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ge value of amplitude to wavelength ratio for 
dissimilar metal combination is found to be less than the 


o-verage value h/x for similar metal combination (Table 6.4). 

Average value, of distortion f or dJssMlap metal canbi- 

nation is hi^er than that for similar metal combination 
(Table 6 . 4 ).,. 


In certain cases, depending upon the welding condi- 
tions, the welded interface is straight (Tig. 6.9). 

Weldability window for two materials, copper and 
steel are drawn (Figs. (6.10) and (6.11)) using equations 
(5.30), (5.28) and (5.20) for and and using the 

velocity condition 200 m/s ^ 800 m/s. Tocp erimental 

results are also plotted in Tigs. (6.10) and (6.11). 

It IS seen that welding is possible if the welding 
conditions fall within the permissible range. This demons- 
trates the applicability of the selection procedure of explo- 
sive welding parameters outlined in the orevious chapter. 

In Figs. (6.10) and (6.11) results of variable angle experi- 
ments (see article 6.3.2) are also shown by bans. 

Average values of wave amplitude to wavelength 
ratio and distortion p for some metal ccmibinations are 
given in Table 6.4. 
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table 6.4 

Amplitude to Wavelength Ratio and 


distortion 


Metal Combination 


Copper-Copper 

Stainless steel- 
Stainless steel 

Brass— Stainless steel 

Stainless steel-Bronz€ 

Stainless steel- 
Cast Iron 


Stainless steel- 
Mild steel 


Stainless steel- 
C opper 


Density 

Ratio 


Average Value 
of Amplitude 
to Wavelength 
Ratio 


Average Value 
of Degree of 
distortion 


Copper-Stainl 


ess steel 0.89 




R/a 

D 

1.0 

0,38 

0.03 

1.0 

0.43 

0.01 

0.93 

0.31 

0.06 

0.90 

0. 29 

0.25 

0.98 

0.24 

0.07 

0.99 

0.38 

0.05 

0.89 

0.31 

0.11 

0.89 

0.22 

0.40 
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6-3.2 Variable Obliquity iv ■ 

y iuigLe Experiments 

Iwo methods are tri -p^ 
angle e^eriaaents uaiu. (n 
6-12-a) and (li) 

first 6.12-d). lu the 

first case a flat flyer nia-f - , ^ 

cuT^.. ^ strings and a 

curved parent block is kept at thA 

second cas ^ whereas, in the 

econd case a curved flyer nla+A -i i, 

Plate is It + * ® parent 

®“l'table stand off is provided 

thVobir^t experiments, 

to varlari'^ ^ 

lati on in inclination angle a Detail., a 

. 6 a. Details and restats 

jarrable angle experiments are given in fables (6.5) and 

Hesults Of variable angle experlMents are also 

shov^n in Pigs. (6.10) and (6 11) rt • 

V . 1 ). It IS seen that the wave 

s after a certain angle and wave remains npto an 

-«le p, whereas welding continues to tahe place upto an 

®gle Pjj. ihese angles depend upon the plate velocity and 

-1^0 on material properties, fhe flyer plate in certain 

oases Sheared off at the end. Variation of wave size with 

o iquity angle are shown in fable (6,6) plotted in Pigs. 

6*13 and 6,14. 

The results (Pigs. 6.I3 and 6.I4) of curved flyer 
Plate experiments and curved parent blech experiments show 
that the nature of the experimental variation of h versus p 
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MLE 6.5 


Details of Variable Angle Sseeri 


p erunents 


SI. 

iMO. 

Metal 

Combination 

Ai^rangem ent 

Radius 

cm 

Explosive e/m 

m/s 

V-l 

Stainless steel- 
En-S steel 

Cylindrical 
parent block 

13 

C ordt ex 

0. 220 

394 

V-2 


If 

15 

f! 

0.441 

718 

Y~3 

Copper-En-8 steel 

n 

ft ■ 

11 

0. 256 

452 

V-4 

IT 

u 

H 

f ! . 

0.385 

642 

V-5 

Copper-C opper 

Curved flyer 
plate 


ir 

0.192 

349 

V-6 

Aluminium- 

Aluminium 

n 

ft 

II 

0,323 

553 

V-7 

Brass-Aluminium 

IT 

n 

ff 

0.378 

632 
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Curved Parent Block Experiments 
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TABLE 6.6.b 

Curved Elyer Plate Experiments 

Variation of itaplitude (h), Wavelength (^) with Inclination Angle (a) 
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IS similar to the one shows in Fig. 5.1. Howler, it Is 
easy to make the carved flyer plate rather than to make 
curved parent block, hence, the curved flyer plate experi- 
ment as an alternative method for variable angle experiments 
may also iDe used. 


6.3.5 Tube to Tube-Plate Welding 

In tube to tube-plate welding expo-iment, the tube 
is considered as ilyer plate and tube-plate as parent plate. 
Thus the same selection procedure for parameters of explo- 
sive welding is also used for tube to tube-plate experiments. 
Both the parallel and taper arrangoiients (Fig. 6.15) are 
employed. Suitable explosive packs are used depending upon 
the requirement* The details of the tests conducted are 
shown in Table 6. 8. a. Table 6,8.b gives the results of 
these tests. 


The follovring conclusions are drawn frcm a perusal 
of the above results for tube to tube-plate welding. 

(1) In order to keep the obliquity angle p within the 
permissible range, hi^ detonation velocity explo- 
sive could be used with taper arranganent (Bxpts. 
No. 7 and 10). Parallel arrangoaent is suitable 
with low detonation velocity explosive (Expts. No. 

^ ^ ^ ^ I» ^ 2 3!( 5, 6 and 8). 
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( 2 ) [Daper arrangenent is found to be unsuitable for 
tubes of low thickness and soft material such 
as Aluminium j, as the tube burst at the outer aid 
due to the strain exceeding limiting strain for 
tho material (Expt. No. 4 ). 

(3) Tubes with seam are not suitable for explosive 
welding with tube plates (Expt. No, 3 ), 

( 4 ) Bulge occurs due to excessive charge length 
(Expts. No, 2 and 10), Hence, the charge length 
should be chosen carefully to avoid bulge. Tube 
plate develops cracks (Expts. No. 9 and 10) due 
to excessive charge. 

( 5 ) In parallel arrangement, detonation from the 
end A (Eig. 6 .I 5 ) may be preferable as it leaves 
the Space for re-entrant jet to escape out (Expt. 
No. 1). 

Some welded samples of tube to tube-plate are 
shown in Eig. 6.16. A half cut specimen is also shown in 
Eig. 6.16. 

6 . 3.4 Half-Length-Explosive Experiments 

Half-length-explosive welding experiments (Table 
6 . 9 ) are carried out to study the configuration of the 
plate during the process of explosive welding (Eig. 6.17— a). 
Resulting configuration after welding (Eig. 6.17— b) is 
found to be similar to the configuration shown in Eig.l.l-b. 



TABLE 6.9 

Half-i ength- Explosive Exp erim ent 


152 



Q> 

-P 

m cu 

CD H 
CD 

h o 

Q-Oh 

CD c5 

^ o 


!>• 

C30 

•• 

Q 

O 

O 

H 

!>- 

OD 

CT\ 

• 

H 

l£\ 

H 

• 


lA 

10 

10 

LA 

C\i 

CM 

O 

CM 

Lf\ 

LA 

lA 

CO 

LA 

LA 

LA 

rA 

C\J 

VO 

lA 

CM 

LA 

CM 

lA 

CM 

LA 

^A 

O 

• 

O 

• 

O 

O 







153 


After macro— etching, 

jet (Pig. 6.17-c). 


the welded piece shows the re-entrant 


liie measured obliquity an^g from the welded 
pieces is found to be much higher than the calculated obli- 
luity angle given in the fable 6.9. fhis may be due to 
fact that the dynamic configuration may not be 'frozai 
because, in Aalf-length-explosive experiments, even after 
the complete explosion the pressure on the r©naining part 
of the plate still persists for some time. Hence the obli- 
quity angle from the above test does not represent the 
correct condition. Nevertheless the half- length- explosive 
experiment is suitable to demonstrate the configuration of 
the welding process and presence of the re-entrant jet. 

6.4 MECHANICAL TESTING AND BOND STRENGTH 

The strength of the welded specimen is tested by 
using the following tests. 

(1) Tensile Test 

(2) Shear Test 

(5) Shear Test as recommended by ASM. 

Before testing the cladded specimen, the tensile 
stress and hardness of individual plates are found and are 
listed in Table 6.10. 
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6.4.1 Tensile Test 

Circular specimens are made with a central hole 
as shown in Eig. 6,18, loading the specimen on universal 
testing machine oy a punch through the hole introduces 
tensile stress in welded joint. The dimensions of the 
specimen are designed so that the punch does not pierce 
the plate instead. The test results are given in Table 6.11. 

6.4.2 Shear Test 

Figure 6.19 shows the test spocimen used for 
shear test of the weld. The specimen is subjected to 
shear on INSTEON testing machine. The welded specimen 
sheares off at the interface at certain stress. Results 
of the tests are given in Table 6.12. 

6 . 4.3 Shear Test as recommended by ASTiyi 

In the shear test described in section 6,4.2, 
tensile force creates shearing on a small welded area. 
However, the shear test as recommended by AS® is more close 
to the shearing of interface (Fig. 6.20). The specimen is 
loaded on universal testing machine producing shear 
stress at the interface. Results of the tests are ^ven 


in Table 6 . 13 . 
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TABLE 6.10 

Tensile Strength and Hardness of Metal Plates 


S.lo. 

Metal 

Density 

Tensile Strength 

Hardness 



_ 

gn/cm^ 

kgf /cm^ 

1/m^ 

¥HH 

1. 

Copper 

8.9 

2455 

240fel0^ 

85 

2. 

Stainless 

steel 

7.8 

6215 

609.7x10^ 

256 

o 

Mild steel 

7.8 

5295 

519.4x10® 

176 

4. 

AlTJEiiniuin 

2. 6 

1550 

1324x10® 

45 
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IIBLB 6.11 

Tensile Strength of the Welded Specimen 


Specimen Ho. Metal Combination 


Tensile Strength 
kgf/c3n^ 


A-1 

Stainless 

steel-S tainless 

steel 

2850 

A- 4 

Stainless 

stee|.-Stainless 

steel 

6108 

A- 5 

Stainl ess 

steel-S tainless 

steel 

9706 

A- 6 

Stainless 

steel-Stainless 

steel 

2468 

A- 7 

Stainless 

steel-S tainless 

steel 

4020 

A- 8 

Stainless 

steel-Stainless 

steel 

2033 

A- 10 

Stainless 

steel-Stainless 

steel 

2552 

S-1 

Stainless 

steel-Stainless 

steel 

4842 

S-2 

St-ainloss, 

,Dtcol-Stainless 

steel 

■ &168 

A “1 2 

Copper - Copper 


714 

A- 13 

Copper - Copper 


312 

A-15 

Copper - Copper 


658 

A-18 

Copper - Copper 


598 

A- 20 

Copper - Copper 


306 

A- 21 

Stainless 

steel-Stainl ess 

steel 

2103 

A- 22 

Stainless 

steel-Stainless 

steel 

4590 

A- 23 

Stainless 

Steel-Mild St^l 


5353 


Contd, . , 
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Contd. Table 

6.11 


Specimen No. 

Metal Combination 

Tensile Strong-th 
kgf/cm^ 

A- 24 

Stainless steel- Mild steel 

2906 

A- 25 

Stainless steel — Bronze 

596 

A- 27 

Aluminium - Alumirdum 

656 

S-3 

Aluminium - Aluminium 

1403 

A- 28 

Aluminium - Copper 

554 

A- 29 

Aluminium - Stainless steel 

643 

A-34 

Copper - Stainless steel 

2117 

A-35 

Copper - Mild steel 

464 
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TABLE 6.12 

Shear Strength of the Welded Specimen 

Specimen No, Metal Combination Shear Strength 

kgf/cm^ 


A-1 

Stainless 

steel-Stainless 

steel 

1667 

A- 5 

Stainless 

steel-Stainless 

steel 

1721 

A-1 

Stainless 

s t eel-S t ainJ.. es s 

steel 

2451 

A-9 

Stainless 

steel-Stainless 

steel 

1702 

A-10 

Stainless 

steel-Stainless 

steel 

2124 

A-13 

Copper - Copper 


750 

A-1 8 

Copper - Copper 


1469 

A- 20 

Copper - Copper 


1501 

A- 24 

Stainless 

steel-Mild steel 

1267 

A-35 

Copper - Mild steel 


166 
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TABLE 6.13 

Shear Test as Recommended hy A3.34 


Specimen 

lo. 

Metal Combination 


Shear Strength 

2 

. kgf/cm 

A-1 

Stainless steel-Stainless 

steel 

2110 

A~5 

Stainless steel-Stainless 

steel 

3597 

A- 7 

Stainless steel-Stainless 

steel 

2351 

A-8 

Stainless steel-Stainless 

steel 

1947 

A- 9 

Stainless steel-Stainless 

si/© ©1 

2053 

A-10 

Stainless steel-Stainless 

steel 

1916 

S-2 

Stainless steel-Stainless 

steel 

4604 

A-1 2 

Copper - Copper 


562 

A-13 

Copper - Copper 


1319 

A-14 

C opp er - C opp er 


1005 

A-1 5 

Copper - Copper 


825 

A-17 

Copper - Copper 


1616 

A-1 8 

Copper - Copper 


454 

A- 20 

Copper - Copper 


770 

A- 21 

Stainless steel - Copper 


1435 

A- 22 

Stainless steel - Copper 


1518 

'a- 24 

Stainless steel - Mild steel 

2541 

A-25 

Stainless steel Bronze 


1892 

A- 27 

Alumini-um - Aluminium 


668 

A- 28 

Aluminium - Copper 


166 

A-29 

Aluminium - Stainless steel 

558 

A-34 

Copper - Stainless steel 


2158 
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6.4.4 Discussion cn Results of Bond Strength 

A study of the results of the tensile test (fable 
6.11) on stainless steel ■- stainless steel welds shows a 
large variation in the strength of the bond (0,3 to 1,6 
times the tensile strength of the original sheet). Ihe 
strength of copper-copper bond is very low (0.12 to 0,25 of 
the original strength). 

Shear strength results obtained by tensile loadirig 
(fable 6.12) are found to be much lower than the values 
obtained by shear test as recommended by AS2M (fable 6.13). 
fhis may be due to the fact that the shear test specimen 
under tensile loading are associated with bending at the 
interface under shear (Rig. 6,19). As such shear test 
recommended by ASM is found to give better results, fhe 
results of the shear strength (fable 6 , 13 ) also show a 
large variation in strength 0,6 to 1,5 of the original 
shear strength fcr stainless steel- stainless steel welds, 
and 0.4 to 1.3 of the original shear strength for copper- 
copper welds. 

fhe results of other research workers also show 
a large variation in weld strength [168], 

fhe results of welding test with dissimilar metals 
show that the strength of the bond is generally greater 
than the weaker of the two metals. 




^ (i; The Half-Length-lxplosive experiis^ts ehow.that the 
conventional configuration of explosive welding 
is justified. Presence of tiie re-entrant jet 
is also confirmed. 

(ii) The plate cladding experiments demonstrate the 
applicability of the weldability wiMow and 
Selection procedure for explosive wading para- 
meters described in the previous chapter ¥. 

(iii) The selection procedure for explosive welding 
could also be extended for tube to tube-plate 
welding provided tube plate velocity is acciara- 
tely estimated, and a suitable explosive charge 
length is decided upon. 

(iv) The variable angle experiments further confirm 
the existence of and p^. 

(v) Metallographic examination showed wavy inter- 
face in major i1^ of the cases. Despite the 
variation in strength of the bond due to various 
factors, the shear strength of the bond is 
satisfactory specially in the case of dissimilar 
metal combinations. 
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CHAPTER YII 


COMCLUSIOES MD SUGGESTIONS FOR EURTSER WORK 
7.1 CONCLUSIONS 

TLe following conclusions axe drawn on the basis 
of work presented in this thesis. 

1. Various types of asymmetries arising from varia- 

tion in plate material and explosive are classified. 
Even if the materials of the two plates are diffe- 
rent in geometrically symmetric situation the re- 
entrant jet (collisioa direction) does not necessarily 
bisect the set-up single and the interface wave may 
not be sinusoidal. Thus for general case, two plate- 
jets are inclined at obliquity angles p2 

respect to the collision direction. 

2. ’Svjinging Wake Mechanism' proposed in the present 

work considers an obstacle bounded by two stagna- 
tion streamlines and that the interface wave is 
generated bj^ swingj.ng of the wake in the fluidized 
plates. The force acting on the wake governs the 
interface wave characteristics and it is a function 
of the densities ( ^ of the two plates and 

the obliquity angles (p^, p 2 ) . 

3 . The ' Swinging Wake Mechanism’ adequately explains 
the generation and distortion of wavy weld interface. 
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4. The theory predicts that lower the value of 

density ratio larger is the deviation 

of the wavy interface from a sine wave. This is 
in agreement with the experimental results of Onzawa 
and Ishii [90] and the results of present inves- 
ti-gaticn. The distortion is only marginally 
affected hy obliquity angle ratio 92 /^ 1 * It is 
the 'metal plate density as^’-mmetry' which causes a 
significant distorition of interface wave and all 
other types of asymmetries leading to the condition 
Pi do not produce any significant wave 
distorti on. 

5. The theory predicts that the average value of 
amplitude to wavelength ratio of interface wave 
for dissimilar meta^l combination is expected to be 
lower than that for similar metal combination. 

This agy’ees with the experimental results of Onzawa 
and Ishii [90], and the results of the present 

inv estigation. 

6. The obstacle size in general arrangement of explo- 
sive welding is a function of obliquity angles 
(Pl? P 2 ) thicknesses (t^, t 2 ) and densities ( f^s 
1 ^ 2 ) of the plates. Predicted diameter of obstacle 
is smaller in asymmetric situation than that in 
symmetric situation. 
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7. Smaller size of waves will be produced (a) in 
asymmetric welding as compared to symmetric 
welding situation and (b) for dissimilar metal 
combination as compared to waves in similar metal 
combination. 

8. Experimental \’’ariation of wave amplitude with. 

obliquity angle in explosive welding shows that 

wavy interface is formed above a certain angle p- 

and below an angle S„. Furthermore there is a 

w 

maxima in wavy amplitude corresponding to an 
obliquity angle pQ. A straight bond is formed 

when obliquity angle is increased from S,, to p., 

W Ji 

and no welding takel ulace beyond 6^^. These angles 

ill 

depend upon the material properties of flyer plate 
and its velocity 

Jr 

9" In explosive welding, the extent of fluid zone, 

within which fluidlike behaviour occurs, is usually 
limited. Furthermore there is some energy loss 
during the collision in explosive welding. Consi- 
dering the limited extent of fluid zone and energy 
loss in collision, the expressions for pj , p,-., p,, 
and Pj, are developed. For welding to take place, 
the gen er Cited obliquity angle p should be such that 
Pjj K P ^ 2 * I'iie lower obliquity angle pj^ 

and the upper dliquity angle p-p represent the jet- 
no- jet boundaries (weld-no-vreld boundaries). 



Wav e-no-wave condition, corresponding to a critical 

I 

Rejmolds number, represents the boundary of wavy- 
interface and strai^t bond, A wavy interface is 
formed if p -4. and a straight inter- 
face is formed if ^ §4, P^,. 

Besides the set-up angle a and explosive loading 

e/m, specific pressure (Euler's number) 

P P 

p _ — explosive welding number Err = — =— 

tfv 

are important parameters and govern the explosive 
welding process. 

For parallel arrangement, use of low detonation 
velocity explosive is recommended whereas for 
inclined arrangonent high detonation velocity 
explosive may also be used. 

From the expression developed for limiting obliquity 
angles, theoretical weldability window (p versus Vp) 
for explosive welding for a given material can be 
constructed to find permissible range of parameters 
for explosive welding. Thus, suitable values of 
explosive loading e/m and set-up an^ e a can be 
selected as to keep the obliquity angle p and 
plate velocity Vp within the permissible region. 

The consideration of energy loss in the collision 
of two plate- jets shows that there is a reduction 


W lU 
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. ■ in the velocity of the Jet after collision and 

that the mass of the Jet is less than that without 
energj?" loss. The energy’ loss consideration 
explains the dependence of the Jet mass on plate 
velocity and obliquity angle p as found exp orimentally 
by Xeyer [91]. 

15. The folloxfing conc3-usions are drawn from the explo- 
sive welding experiments carried out. 

(i) The plate cladding experiments demonstrate 
the validity of the proposed weldability 
window and selection procedure for explosive 
welding parameters. 

(ii) The selection procedure for explosive 

welding parameters may also be extended 
for tube to tube-plate welding provided the 
tube velocity is correctljr estimated. 

(iii) The variable angle experiments further 
confirm the existence of and 

7.2 SUGGBSTIOMS FOR FURTHER WORK 

1. While deriving the expression for diameter of 

obstacle in chapter I? the thicknesses of two Jets 
of different densities are normalised, because the 
relationship between z and y as given in equation 
(4.5) is not available for Jets of different densities. 
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An attempt to derive such an equation for jets 
of different densities may lead to a more realistic 
expression for obstacle size. In explosive-welding 
configuration, the direction of the re-entrant jet 
is taken to be the same as the collision direction 
e.g. , in asymmetric situation the re-entrant jet is 
usually considered parallel to the parent plate. 
However, experiments show that in the case of 
asymmetric welding, the re-entrant jet comes out 
at an angle to the parent plate. Ihe probloxi of 
collision of jets in such a case is indeterminate. 
Attempts may be made to solve the problem, 

2. Various limiting obliquity angles have been sugges- 
ted for asymmetric explosive welding. Variable 
angle - experiments reveal that the flyer plate shears 
off if the obliquity angle is too high (say for 

p > p ). The angle is found to be lower for 
higher plate velocity and is dependent upon material 
properties of the flyer plate. An attempt be maae 
to develop a theoretical expression for p which 

•*- O 

may be used as another limiting condition in p 
versus Vp weldability window. 

3. The amplitude and wavelength of interface wave and 
tho obliquity angle at which the wave size is maximum 
can be predicted theor etical-ly . But it appears that 
the conditions for maximum strength of weld do not 
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coincide with, the conditions for maxim'uin wave 
size. It seems that althougii the interface wave 
does provide mechanical interlocking but too big 
a wave size introduces stress concentration. 

A theoretical and experimental iiivestigation is 
needed, to study the effect of wave-size on bond- 
strength and to find out the condition for maximum 
strength of the bond. 

4. It may be useful to carryout the fluid analogue 
experiment as soiggested in chapter VI in greater 
detail to see the effect of various parameters such 
as obliquit;/ angles pp, densities f^, 
flow velocity on the process of wa.ve formation. 
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